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1K)L  MODEL  RUCLEAR  BLAST  SIMULATOR 


Wllllajn  8.  Filler 
Explosions  Research  Department 
U.  S.  Haval  Ordnance  Laboratoiy 


ABSIIRACT 

!nie  Eaval  Ordnance  Laboratory  has  In  the  Past  year  designed,  con¬ 
structed,  and  begun  the  evaluation  of  a  l80-foot  long,  explosive-driven 
conical  shock  tube  for  the  Bureau  of  Ships.  The  objective  of  this  work 
has  been  to.  detemlne  the  feasibility  of  constructing  a  yet  larger  device 
capable  of  producing  blast  waves  "In  the  laboratory"  corresponding  to 
those  produced  by  full-scale  nuclear  explosions.  An  ideal  charge-weight 
aapllflcatlon  of  nearly  1^0,000  was  enhodled  iji  the  design  of  the  model 
tube  through  the  use  of  a  cone  angle  of  close  to  ot  one  degree.  The 
cone  Is  30"  in  diameter  at  the  wide  end.  A  6",  33-callber  naval  gun.  Its 
nuzzle  coupled  to  the  mouth  of  the  l80-foot  cone  frustum,  was  used  to 
contain  the  hl^  explosive  detonation.  Up  to  3  pounds  of  pentollte.  In 
the  form  of  1"  diameter,  long  cylinders,  supported  away  from  the  gun 
barrel  wall  by  styrofoam,  have  been  fired  repeatedly  without  plastic  de- 
fozmatlon  of  the  gun  barrel. 

Excellent  pressure-time  records  have  been  obtained  for  peak  shock 
pressures  up  to  the  230  psl  region.  Positive  durations  In  the  20  to  30 
millisecond  range  have  been  recorded.  These  blast-wave  characteristics  are 
Identical  to  those  from  a  free-alr  blast  of  approximately  13  tons  of 
pentollte  hl^  explosive. 

Details  of  the  model  cone  and  the  test  results  are  presented,  as 
they  apply  to  the  design  and  construction  of  a  full-scale  nuclear  air- 
blast  simulator. 


nnRODucnoti 

A  method  for  simulating  the  alrblast  from  nuclear  explosions  has 
long  been  sought.  Such  a  facility  would  provide  a  means  for  studying 
damagfe  to  structures  from  nuclear  blasts  without  the  complication  of 
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radiation  effects  or  of  being  restricted  to  a  few  remote  ea*eas  for  testing. 
But  most  liqporteuit,  the  facility  could  be  operated  repeatedly  and  the 
obtaining  of  target  response  data  would  no  longer  be  solely  dependent  on 
relatively  Infrequent  nuclear  bomb  tests.  (As  a  matter  of  fact,  for  the 
past  two  and  one  half  years  the  frequency  of  such  tests  has  been  zera) 

mie  blast  wave  which  we  would  like  to  simulate  starts  at  the  shock 
front  with  an  Instantaneous  rise  of  pressure  to  a  peak  value,  followed 
by  a  smooth  decay  In  pressure  lasting  on  the  order  of  a  second.  The 
pressure  of  the  peeik  drops  from  an  Initially  high  value  as  It  moves  out 
from  the  origin.  The  blast  wave  Is  a  traveling  wave  idilch  exerts  a 
dynamic,  as  well  as  a  static,  pressure  on  objects  as  a  result  of  the 
forward  motion  of  the  mass  of  air  In  the  wave. 

SevercLl  techniques  have  been  developed  In  recent  years  for  loading 
beams  and  structures  with  liiq>ulslve  static  loads  that  have  a  pressure¬ 
time  configuration  similar  to  nuclear  blaats.  Also,  plane-wave  shock 
tubes  have  been  constznicted  which  produce  fairly  long-duration  pressure 
waves.  Proposals  have  also  been  made  for  devices  idilch  enqploy  a  combina¬ 
tion  of  hl£^  explosives  and  propellants  to  produce  long-duration  blasts 
In  the  open  over  limited  areas.  None  of  these  techniques  provide  a 
means  of  simulating  all  the  essential  features  of  a  nuclear  blast  wave 
s Imul taneously . 

The  present  paper  describes  an  explosive -driven,  conlced  shock  tube 
in  which  a  small  quantity  of  high  explosive,  fired  under  heavy  confinement 
near  the  apex,  produces  a  sector  of  a  true  spherical  blast  wave  that  has 
all  of  the  characteristics  of  a  spherical  blast  In  the  open  from  a  much 
larger  quantity  of  explosive. 

The  shock  tube  (Figure  l)  Is  a  frustum  of  a  right  clrculeu*  cone  180' 
long.  Coupled  to  the  small  end  Is  a  "retired”  6",  ^^-callber  Navy  gun 
barrel  of  vlnteige  1923 .  Up  to  3  pounds  of  high  explosive  Is  fired  In  the 
gun. 

This  facility  was  constructed  to  study  and  solve  many  of  the  operational 
and  engineering  problems  which  are  Involved  In  the  application  of  the 
conical  shock  tube  technique  to  full-sc8d.e  nuclear  blast  simulation. 
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It  was  sponsored  by  the  Bureau  of  Ships,  Preliminary  Design  Branch, 

Ship  Protection  Section,  for  the  purpose  of  providing  a  facility  that 
vould  be  capable  of  testing  portions  of  ship  structures  under  nuclear 
blast  loads.  It  Is  clear,  however,  that  Amy,  Air  Force  and  Civil 
Defense  groups  could  eLLl  make  use  of  this  facility  for  the  testing  of 
vehicles  and  structures  above  and  below  ground  that  mlg^t  be  subjected 
to  nucleeur  blast  loads. 

FRIHCIPLE  OF  OPERATIOV 

The  principle  of  operation  of  the  conical  shock  tube  Is  Illustrated 
in  Figure  2.  Consider  a  sphere  of  explosive.  After  Initiation  at  the 
center  any  sector  of  this  sphere  expands  In  a  way  that  is  identical  to 
any  other  sector.  Suppose  that  we  were  to  remove  a  sector  of  this  sphere 
of  exploslire  and  place  it  at  the  apex  of  a  conical  steel  enclosure  of 
the  same  angle  as  that  of  the  charge.  And  suppose  also  that  the  walls  of 
this  enclosure  extend  well  beyond  the  charge  and  are  stsong  enou^  to 
withstand  the  detonation  and  blast.  When  the  cone  of  ea^losive  is 
Initiated,  It  will  expand  within  the  confines  of  the  conical  enclosure 
In  the  same  manner  as  it  vould  if  it  were  part  of  the  full  sphere. 

The  net  effect  is  that  blast  characteristics  of  a  full  sphere  of 
explosive  detonated  In  the  open  Is  produced  Identically  in  a  conical 
tube  enqploylng  only  a  fraction  of  the  amount  of  explosive.  In  fsust,  the 
fraction  vould  be  the  ratio  of  the  vel^t  of  the  charge  used  in  the 
conical  tube  to  the  weight  of  the  full  sidiere.  Or  what  amounts  to  the 
same  thing,  the  ratio  of  the  s^dierlced  angle  of  the  cone  to  that  of  a 
sphere.  In  the  remainder  of  this  paper  It  will  be  con^nient  to  refer 
to  the  reciprocal  of  this  ratio,  as  the  simplification  of  a  conical  shock 
tube. 


If  a  is  the  plane  angle  of  a  cone  then  A,  the  amplification  of  the 
cone,  is  determined  by  dividing  the  spherical  angle  of  a  sphere,  or  4x 
steradlcuis,  by  the  spherical  angle  of  the  cone,  given  in  terms  of  the 
plane  angle  of  a  cone: 
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^  *  2jt(l-co8a  /2)  *  1-C08  o  /2 

Of  cour8e  we  know  that  there  are  energy  loeees,  mainly  in  the  firing 
block,  that  limit  the  attainable  amplification. 

Before  the  l80*  model  facility  was  even  conteiaplated,  a  number  of 
small  conical  shock  tubes  had  been  operated  successfully.  Ibe  most 
intriguing  results  were  obtained  with  a  2-degree  cone  that  was  l8*  long 
and  had  a  theoretical  aatpllflcation  of  10,000.  When  7*5  grams  of  pento- 
lite  was  fired  in  the  cone,  a  blast  wave  characteristic  of  45  pounds  of 
pentolite  fired  in  free  air  was  obtained  —  an  amplification  of  about 
5000;  and  the  pressure -time  records  were  excellent.  In  the  case  of  the 
l60'  cone  an  angle  of  657/iOOO  of  a  degree  tras  employed.  This  gave  a 
theoretical  amplification  of  129,600. 

miNG  BLOCK  DESIGH 

Any  explosive-driven  conical  shock  tube  has,  from  a  design  point  of 
view,  two  distinct  components;  namely,  a  suitable  firing  block  to  contain 
and  direct  the  high  explosive  detonation  gas  products,  and  an  expansion 
tube  of  the  required  strength  and  uniformity.  The  firing  block  problem 
was  novel  and  required  special  attention  from  the  start,  since  practi- 
-cally  no- data  of  the  sort  needed  was  available.  As  a  result  of  both  small- 
scale  tests  at  the  Naval  Ordnance  Laboratory  and  the  Naval  Weapons  Laboratory, 
Oahlgren,  it  was  found  that  only  sllgiit  plastic  deformation  in  steel  or 
brass  resulted  ^en  a  cyllndrlced  charge  was  fired  in  a  cylindrical  hole 
three  times  the  charge  diameter.  Light  styrofoam  was  used  to  svq^rt  the 
charge  axially.  The  outer  diameter  could  be  as  small  as  elcht  times  the 
charge  diameter.  For  exanple,  results  obtained  with  l/k”  diameter  pento¬ 
lite  (2"  long  and  weighing  4  grains)  in  a  brass  cylinder  with  5/4"  I.D. 
were  very  simile^  to  results  wl^  1  l/2"  diameter  pentolite  (9*  long  and 
weighing  10  pounds)  in  a  5"  gun.  The  I.D.  of  the  5”  gun  increased  an 
average  of  50/ 1000  after  a  single  shot. 

For  the  IdO*  cone  the  requirement  was  established  that  no  plastic 
deformation  result  from  repeated  firings.  Further  tests  at  Dahlgren 
with  a 6"  gun  (Figure  5)  and  a  1"  diameter  charge  showed  that  this  requirement 
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could  be  met.  Also,  bydrodynamlc  calculations  carried  out  on  the  IBl 
704  calculator  predicted  pressures  at  the  wall  of  a  6"  gun  (using  a  1" 
diameter  charge)  no  greater  than  the  stress  capability  of  the  gtxn,  euid 
these  pressures  lasting  only  for  microseconds.  It  was  on  this  basis, 
plus  the  fact  of  availability,  that  the  6",  53-callber  bag -loader  gun 
was  chosen. 

The  interrupted  screw  breach  (Figure  4)  associated  with  bag-loader 
guns  has  provided  us  with  a  convenient  means  of  repeated  opening,  loading, 
and  sealing  of  the  explosion  gases,  thus  far.  Ibe  explosive  loading 
operation  consists  of  tying  15”  long  by  l"  diameter  cylinders  of  pentolite 
to  styrofoam  trays  shown  If  Figure  4.  Each  cylinder  weighs  about  0.7  pound, 
so  that  for  a  full  load  of  nearly  5  pounds,  seven  cylinders  are  pushed  into 
position  end  to  end,  making  up  a  total  length  of  Just  less  than  9”>  A  dis¬ 
tance  of  approximately  1  1/2*  Is  maintained  between  the  end  of  the  charge 
and  the  breach  block  mushroom  head.  A  plastic  cased  electric  detonator  Is 
Inserted  In  the  end  of  the  last  cylinder  and  the  leads  are  brought  out 
through  the  breach  block  fuse  hole. 

It  was  decided  to  use  the  gun  and  mount  as  is.  IMs  was  not  only 
economical  but  greatly  simplified  Installation,  since  only  a  stable 
platform  was  then  required.  Also,  the  train  euid  elevation  controls 
helped  In  the  final  alignment.  Incidentally  I  was  told  by  the  authorities 
at  Oahlgren  from  whom  we  obtained  the  gun  that  these  were  the  last  of  the 
6"  bag  loaders  In  the  Ravy  and  that  we  were  only  2  months  ahead  of  the 
scrapping  torch. 

The  coupling  of  the  gun  muzzle  to  the  cone  (Figure  5)  was  acconipllshed 
by  welding  an  extension  to  the  gun  muzzle.  This  extension  Is  free  to 
slide  In  an  ”0”  ring  seal  as  the  gun  recoils.  The  full  loEid  recoil  Is 
only  3/16  of  an  Inch.  This  seal  has  worked  excellently.  A  spacer  ring 
is  provided  between  the  gun  extension  and  the  ccne  end  flcuige.  When  this 
ring  Is  removed,  the  gun  can  be  swung  In  train  for  maintenance  purposes. 
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Now,  passing  on  to  the  shock  tube  proper,  the  rl^t  circular  cone 
shape  provides  maximum  strength  In  the  radial  direction.  However,  any 
cross-section  shape  could  be  used,  provided  It  Is  the  same  throughout  the 
length  of  the  cone.  For  shock  dlffreu:tlon  studies,  a  semi  circular  shape 
against  a  solid  surface  would  be  more  convenient  and  make  for  better 
utilization  of  the  working  area 

!Ihe  shock  pressure  load  requirement  zanges  from  2000  psl  at  the 
Junction  point  with  the  gun  where  the  cone  Is  6"  In  diameter,  down  to 
200  psl  at  the  far  end  where  the  cone  Is  50"  in  diameter.  This  Is  shown 
In  Figure  6.  Design  loads  were  Increased  above  "normal"  at  the  far  end 
to  edlow  for  the  higher  shock  pressures  resulting  from  reflection  from 
the  door  %dien  this  was  closed.  Since  no  significant  unbalanced  lateral 
forces  are  Involved,  the  entire  cone  (Figure  7)  mounted  simply  on  a 
wide  flange  I-beam  to  provide  rigidity. 

The  cone  was  made  by  the  Bethlehem  Steel  Company  In  Baltimore.  It 
was  fabricated  In  three  60*  sections  and  assembled  at  the  NOL  site.  The 
taper  of  the  cone  was  chosen,  for  manufacturing  convenience,  to  be  a 
round  number  -  1"  diameter  Increase' per  7.5*  of  length.  This  is  how  the 
odd  angle  for  the  cone  of  637/IOOO  of  a  degree  came  about.  Ihe  cone  sections 
vary  in  wall  thickness.  The  first  section  next  -to  the  gun  .s  5/^"  thick, 
the  middle  section,  ’i/B” ,  and  the  last  section,  l/2".  The  door  at  the 
far  end,  when  closed,  pre-vents  the  blast  from  escaping,  and  nearly  conplete 
muffling  of  the  blast  results.  A  noise  no  louder  'than  a  rifle  report  is 
heard  In  the  vicinity  of  -the  cone,  even  idien  a  full  5-pound  load  of  high 
ejqplosl'ves  Is  fired. 

MBASUKEHEHTS  AND  RBSULIS 

Gauge  ports  (Figure  8)  are  located  at  120  and  I80'  from  the  Imaginary 
geometrical  cone  apex  corresponding  to  the  spherical  charge  center.  These 
distances  are  -the  true  distances  idilch  must  be  used  for  blast  performance 
evaluation,  althou^  the  26-5'  long  gun  barrel  replaces  the  first  45*  of 
the  geometrical  cone.  The  gauge  port  plugs  (Figure  9)  vere  shaped  to  match 
the  curvature  of  -the  Inside  of  the  cone.  Piezoelectric  gauges  at  the  wall 
surface  and  in  -the  flow  were  used  to  detect  pressures. 
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The  support  for  the  pencil  gauge  In  the  flow  proved  Inadequate 
for  the  larger  loads  and,  on  the  first  5. 45 -pound  shot,  were  bent,  and 

•  the  gauges  were  tom  from  the  mounts.  Only'  data  from  flush,  wall  gauges 
is  reported  here,  althou^  ■the  few  pencil  gauge  values  obtained  so  far 
agreed  well  with  the  wall  gauge  values.  Pressure-time  records  obtained 

*  with  this  instrumentation  are  shown  in  Figure  10. 

A  substantial  body  of  data  has  been  collected  for  0. 69 -pound  loads; 
also  some  data  has  been  obtained  for  shots  wi'th  I.56-,  5*45-,  and  4.85- 
pound  loads.  To  show  the  reproducibility  of  the  data,  'the  table  (Figure 
11)  lists  the  pealc  pressure  and  positive  duration  results  for  the  0.69- 
pound  shots  at  the  I80'  port,  ^y  scaling  all  pealc  pressure  data  to  4.65 
pounds,  all  data  collected  to  date  could  be  smoothed  on  a  single  peak 
pressure  dlsteuice  curve  and  congpared  with  -the  s-tandard  peak  pressure  reduced 
distance  curve  for  pentollte.  This  is  shown  in  Figure  12.  The  equl'valent 
weight  was  calculated  from  the  scaling  relation  R  :  W^/5  for  cons'bant 
pressure.  This  came  out  to  be  very  nearly  150,000  pounds  or  about  75  tons. 
An  efficiency  of  nearly  24^  is  Indicated.  These  results  are  susaiearlzed 
in  Figure  15. 

To  evaluate  positive  duration  data,  standard  high  explosive  and 
nuclear  data  were  scaled  to  the  simulated  'weight  of  cheurge  produced  from 
the  cone  x>eak  pressure  data.  Ihe  lower  peirt  of  Figure  15  shows  how  'the 
seeled  data  compare  with  the  measured  data  from  the  cone.  So  significance 
should  be  attached  to  the  degree  of  agreement  or  disagreement  shown  here, 
since  the  spread  in  most  positive  duration  data,  as  well  as  'the  lack  of 
agreement  between  data  from  various  workers,  is  very  great.  The  question 
of  how  closely  the  tube  duration  data  agrees  with  free  air  duration 
results  must  inevitably  be  emswered  in  bdl-pcurk  terms.  In  'this  sense 
'  the  180'  cone  looks  rather  good. 

For  the  full  load  shots,  high  tenqperatures  exist  behind  'the  shock 
^  front  as  the  blast  passes  the  gauge  station.  These  may  have  caused  an 

error  due  to  tenperature  sensitivity  of  piezoelectric  materials,  making 
the  positive  durations  shorter  than  they  may  in  fact  have  been.  This  is 
especially  true  for  the  closest  gauge  when  exposed  to  peak  shock  pressures 
of  hundreds  of  psl.  For  this  reason  such  data  'was  not  Included  here. 

Efforts  In  the  future  will  be  directed  to  Increase  'the  theimaJ.  insulation 
of  the  gauges. 
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In  regard  to  possible  non-uniform  flow  due  to  wall  effects,  It 
should  be  remembered  that  at  any  given  point  In  the  cone  the  boundary 
layer  talces  time  to  develop  as  the  shock  wave  passes.  The  pressure  of 
the  shock  front  recorded  by  the  wall  gauge  ^  i  that  of  the  actual  shock 
flow  befoK  boundary  layer  development.  Losses  to  the  boundary,  however, 
must  eventually  affect  the  entire  shock  wave. 

In  the  near  future  additional  data  will  be  obtained  In  the  l60'  cone 
with  pencil  gauges  In  the  flow  and  with  dynamic  pressure  gauges  developed 
by  Broadview  Research  Corporation.  A  paper  dealing  with  these  gauges  by 
Ken  Kaplan  of  Broadview  Is  Included  in  this  document. 

FULL-SCALE  FACILITY 

OSie  purpose  of  this  work,  as  was  stated  earlier.  Is  to  facilitate 
the  design  of  a  nuclear  blast  simulation  facility.  In  what  follows  I 
will  discuss  the  blast,  dimensional,  and  operational  requirements  of 
such  a  facility,  and  the  configurations  of  conical  shock  tubes  %diich 
can  meet  such  requirements. 

The  blast  wave  In  air  from  a  nuclear  weapon  has  a  characteristically 
long  duration  In  Its  positive  pressure  phase.  At  a  distance  of  l/2  mile 
from  a  20-KT  free-alr  explosion  the  positive  duration  Is  about  l/3  of  a 
second.  Megaton  blasts  have  positive  durations  on  the  order  of  seconds. 
Megaton  blasts  greatly  extend  the  damage  radius  coopared  with  klloton 
blasts,  but  this  Is  due  mainly  to  the  maintenance  of  higher  blast  pressure 
levels  out  to  greater  distances.  Few  targets,  to  be  defeated,  require 
the  extremely  long  durations  of  megaton  blasts.  IDius,  a  nuclear  simula¬ 
tion  facility  that  can  generate  a  blast  wave  comparable  to  a  20-KT  blaist 
will  meet  the  needs  of  the  vast  majority  of  target  response  problems. 

Since  the  conical  shock  tube  In  its  basic  form,  must  extend  out  to  the 
distance  at  idilch  desired  blast  characteristics  would  be  found  from  a 
full-sized  open  blast,  a  cone  length  on  the  order  of  2000*  would  seem 
to  be  adequate. 
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Next,  we  must  consider  teu^get  size  requirements.  A  target  located 
In  a  conical  shock  tube  can  probably  occupy  l/3  to  l/2  the  cross-section 
area  of  the  cone  without  serious  wall  interaction  effects.  The  greater 
the  cross-section  area  of  the  test  region  at  a  given  distance  along  tlie 
tube,  however,  the  lower  the  cone  anpll-lcatlon. 

This  Is  a  major  consideration  In  determining  the  general  cone 
configurations  having  semicircular  cross  sections  and  diameters  of  2^ 
and  23*  dlaaeter  semicircle,  a  1000-pound  quantity  of 

hl^  explosive  will  have  to  be  fired  to  achieve  the  desired  effect.  A 
practical  firing  block  could  be  nmde  up  from  surplus  16”  gun  beurels 
presently  available  at  Dahlgren.  The  heavy  Initial  lengths  of  three 
guns  secured  together  to  make  a  100*  long  tube  would  be  adequate  for 
this  purpose,  according  to  our  firing  block  scaling  Information.  Vor  a 
simulated  6-  or  7-KT  blast,  a  single  unmodified  l6''-gun  barrel  would 
serve  the  purpose  admirably.  ISiis  sunmier  at  Dahlgren,  firing  tests 
are  planned  with  a  l6''-gun  beurrel. 

If  a  73'  diameter  semicircle  Is  required  as  a  working  space  for  a 
20-KT  blast,  this  can  be  obtained  by  using  10,000  pounds  of  hl^  ex¬ 
plosive  In  a  firing  chaniber.  For  a  100*  length  of  charge,  as  above,  a 
three-fold  Increase  In  firing  block  Inner  diameter  Is  required,  or  about 
a  3'  hole  size.  In  place  of  modified  surplus  gun  barrels,  fabrication 
of  the  entire  firing  block  would  be  required. 

MechanlceQ.  design  of  the  cone  proper  Is  a  stralf^tforward  problem, 
using  scaled  blast  loads  suid  the  design  experience  gained  with  the  l80' 
cone. 

SUMfARY 

In  suimmuy,  a  model  nuclear  blast  simulation  facility  employing  the 
conical  shock  tube  technique  hsis  been  constructed  emd  operated.  It 
produces  a  73 -bon  blast  wave  with  5  pounds  of  explosive  as  the  driving 
means.  !13ie  successful  solution  of  many  of  the  engineering  and  operating 
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problems  of  this  l80*  facility  indicates  the  feasibility  of  con¬ 
structing  and  operating  a  20-ICr  blast  simulation  facility.  Such  a 
facility  would  be  on  the  order  of  2000’  long,  use  a  1000  pound  driving 
charge  and  would  have  a  working  space  in  the  form  of  a  2^'  diameter 
semicircle.  A  10,000  pound  driving  charge  would  provide  a  75’  dia¬ 
meter  semicircular  working  space. 
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THE  SOIL  FILLED  SHOCK  TUBE 


A.  A.  Thompson 

Ballistic  Research  Laboratories 


Here  at  the  Ballistic  Research  Laboratories  some  experiments  are 
being  conducted  to  test  the  feasibility  of  soil  filled  shock  tubes. 

This  work  was  stimulated  from  a  need  to  simulate  and  study  seismic 
waves  of  various  shapes  that  would  be  present  close  to  a  nuclear 
explosion.  Also,  of  course,  there  is  a  need  to  study  pleutie  wave 
propagation,  where  the  particle  motion  is  only  in  the  direction  of 
propagation. 

The  largest  diameter  earth  shock  tube  presently  at  Ballistic 
Research  Laboratories,  is  three  feet,  and  the  length  is  6  feet.  The 
tube  is  buried  in  a  vertical  position,  and  open  at  the  bottom  to  a 
sand  clay  mixture. 

Movement  of  the  tube  is  minimized  by  concrete  which  surrounds  and 
is  an  intergal  part  of  the  tube. 

A  stainless  steel  sheet  lines  the  inside  of  the  tube.  The  shock 
wave  of  the  desired  shape  is  generated  by  a  powerful  thruster.  This 
shock  wave,  transmitted  to  the  sand  column,  is  produced  by  an  explosive 
located  in  a  closed  chamber  above  a  steel  piston  resting  on  a  steel 
plate  on  top  of  the  sand  column. 

A  series  of  experiments  was  conducted  to  test  the  tube,  the  loading 
mechanism,  and  the  measuring  techniques  in  the  sand  column  at  stresses 
up  to  500  psi.  The  resulting  records  are  being  analyzed  to  determine 
the  dynamic  stress-strain  relations,  the  shape  of  the  wave  front,  the 
attenuation,  and  the  reflections  of  the  wave  progressing  through  the 
confined  soil  column. 

In  addition  an  attempt  is  being  made  to  determine  the  effect  of 
friction,  at  the  tube  sidewalls,  on  the  wave  shape  and  the  effect  of 
this  friction  on  the  wave  front.  In  the  future,  instrumented  structures 
will  be  placed  in  the  tube  to  study  soil  structure  interaction  and  the 
criteria  for  dameige  to  buried  structures. 
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The  attempt  to  get  high  stresses  and  accelerations  of  long 
durations  for  simulation  purposes  was  more  successful  than  expected, 
and  consequently,  gages  have  been  prepared  to  measure  stresses  of  over 
1000  psi.  and  accelerations  of  over  1000  g.  The  peak  value  of  stress 
that  can  be  simulated  for  study  is  presently  limited  by  the  gage 
capabilities  and  the  strength  of  the  shock  tube  wall,  rather  than  the 
loading  technique.  Following  are  some  results  which  lll\:istrate  the 
type  of  meeiaurements  being  obtained  and  analyzed. 

A  diagram  of  the  gage  positions  for  Shots  4  and  3  is  given  in 
Figure  1. 

The  one  inch  thick  steel  plate,  used  at  the  top  of  the  sand  column 
as  the  plane  wave  source  shown  in  Figure  1,  wsts  deformed  during  Shot  3- 
It  has  been  replaced  by  a  four  -  inch  thick  plate  that  should  not  be 
deformed  by  the  1,000,000  poxind  loads  being  applied. 

Figure  k  gives  the  stress,  acceleration  and  particle  velocity  at 
3"  from  the  source  on  Shot  3-  Here  is  shown  a  peak  stress  of  500  psi. 
falling  rapidly  to  300  psi.  where  it  stays  fairly  constant.  The  peak 
accelerations  are  300  g.  and  fall  rapidly,  and  the  peak  particle 
velocities  are  20  ft.  per  sec  and  fall  not  so  rapidly.  This  sequence 
is  slmillar  to  the  seismic  measurements  measured  close  to  the  earth 
surface  during  the  passage  of  an  intense  air  wave  res\iltlng  from  a 
large  explosion.  The  next  flgin:e  gives  us  these  sane  measurements  at 
27"  from  the  plane  wave  source,  or  only  2  feet  from  these  first 
measurements.  The  peak  stresses  have  dropped  from  500  to  300  psi.  and 
spread  out.  The  accelerations  have  dropped  from  300  g.  to  30  g.  or  a 
10  times  decrease  in  a  distance  of  2  feet  and  the  initial  positive 
acceleration  phase  has  spre£id  out  in  duration.  The  velocities  have 
dropi)ed  from  20  to  6  ft.  per  second.  These  measurements  show  large 
attenuations  and  changes  of  wave  shape  occurlng  close  to  the  plane 
wave  source,  that  are  characteristic  of  how  the  air  Induced  wave  from 
large  explosions  are  attenuated  with  depth  from  the  surface  in  a  sandy 
medium. 
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The  second  stress  peak,  which  is  easily  seen  in  Figure  5  is  a 
reflection  from  the  bottom  of  the  tube.  Although  the  tube  is  open 
at  the  bottom,  an  effective  increase  in  acoustic  impedance  is  present 
where  the  sand  is  no  longer  confined  in  the  tube.  This  type  of 
reflection  may  be  unexp<jcted,  since,  for  an  air  shock  tube,  where  the 
wave  diverges  at  the  end  of  the  tube,  a  rarefaction  or  negative  wave 
would  be  reflected  back  up  the  tube  instead  of  the  positive  reflected 
wave  actually  measured  in  our  sand  filled  shock  tube.  Possible  means 
of  eliminating  this  reflection  shown  in  Figure  5,  will  be  explored. 

The  most  obvious  means,  of  course,  would  be  to  increase  the  tube's 
length. 

Figure  4  gives  the  stress-strain  curve  for  shots  4  and  5-  The 
large  area  between  the  loading  and  unloading  curves  shows  the  extremely 
plastic  nature  of  the  propagation,  and  gives  a  measure  of  energy  loss 
or  soil  hysteresis  dioring  the  passage  of  the  wave.  Accordingly,  it 
can  be  understood  why  such  large  attenuations  were  observed  in  Figures 
2  and  3,  showing  the  seismic  measurements  at  two  distances  from  the 
source. 

Since  the  sand  for  Shot  5  was  a  great  deal  more  compacted  than 
for  Shot  4,  Figure  4  suggests  that  the  dynamic  bulk  modulae  for  stresses 
over  20  psi.  increases  appreciably  with  degree  of  compaction.  It  can  be 
shown  that  this  bulk  modulus  is  related  to  the  slope  of  the  stress-strain 
curve  determined  in  the  soil  shock  tube.  It  can  also  be  shown  that  the 
propagation  velocity  can  be  related  to  the  slope  of  the  stress-strain 
curve  by; 


=  i  S 

p  de 

Where  C  =  propagation  velocity 
p  =  density 
p  =  stress 
e  =  strain 


(1) 
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For  the  first  arrivals,  measured  values  of  C  were  about  600  feet  per  sec. 
on  both  Shots  4  and  5-  For  the  first  power  peak  (as  defined  by  PV,  where 
V  =  particle  velocity)  measured  values  of  C  were  158  feet  per  second  for 
Shot  4  and  250  feet  per  second  for  Shot  5*  Using  equation  (l)  above, 
the  slope  of  the  stress-strain  curve  was  calculated  for  these  three 
velocities.  The  slopes  are  also  plotted  in  Figure  2  for  comparison. 

The  rough  agreement  between  the  calculated  and  measured  stress-strain 
slopes  allow  confidence  in  the  measurements,  in  view  of  the  considerable 
probable  errors  expected.  The  letrger  slopes  measured  for  Shot  5  are  due 
to  previous  compaction  (or  simulated  depth  below  the  surface),  and  to 
higher  applied  rates  of  stress.  More  experiments  are  planned  to  separate 
the  effects  of  these  two  causes. 


To  measure  attenuation  of  the  wave  traveling  down  the  tube,  the 
total  work,  E,  done  on  any  unit  imaginary  surface  in  the  medium  per¬ 
pendicular  to  the  path  of  seismic  wave  propagation,  has  been  calculated 
at  various  distances  from  the  plane  wave  source.  This  calculation  has 
been  accomplished  by  the  formula: 


* 

dt 


where  P  =  radial  stress 

V  =  radial  particle  velocity 
and  t  =  time 

Figure  5  shows  E  plotted  against  distance  (r)  from  the  plane  wave  source 
for  Shot  5*  The  attenxiatlon  of  energy  in  the  direction  of  propagation 
is  represented  by  the  slope  of  this  energy-distance  curve  (S)  .  If  all 
measurements  are  made  in  the  direction  of  propagation,  is  is  normally 
assumed  that  the  area  under  the  dynamic  stress-strain  curve  cein  be  used, 
within  limits,  to  estimate  the  attenuation. 

*  See  page  8  of  BRL  Memorandum  Report  No.  1267. 
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Accordingly  the  area  under  the  stress-strain  curve  for  Shot  5  has 
been  integrated  to  estimate  the  attenuation.  In  Figure  5^  at  one  point 
on  the  E  vs  r  curve,  a  slope,  derived  from  the  area  under  the  dynamic 
stress-strain  curve  at  this  value  of  r,  is  plotted  for  comparison. 

Since  the  stress-strain  meaavirements  were  made  at  the  edge  of  the  tube, 
the  si.ope,  derived  is  plotted  on  the  E  vs  r  curve  determined  nec'r  the 
edge  of  the  tube.  In  this  case,  the  attenuation  as  determined  by  the 
stress -strain  curve  hysteresis  loop  agrees  reasonably  well  with  that 
determined  from  the  E  vs  r  curve.  In  Figure  the  values  of  E 
measured  at  the  tube  center  are  usually  greater  than  the  value  of  E 
measured  near  the  tube  edge.  This  difference  in  E  results  from  the 
effects  of  friction  at  the  tube  sidewalls,  as  discussed  earlier  in  the 
paper. 

Although  a  smooth  stainless  steel  liner  is  iised  Inside  the  shock 
tube  to  reduce  friction,  the  recent  experiments  have  shown  some  friction 
still  exists,  and  therefore  more  effort  is  required.  This  fact  had  been 
anticipated,  and  work  has  been  contracted  that  Includes  finding  adequate 
methods  of  friction  reduction.  The  Atlantic  Research  Corp.  hM  experi¬ 
mented  with  a  number  of  methods  of  reducing  wall-friction.  The  most 
successful  consisted  of  a  le^er  of  Teflon  powder  inserted  between  the 
soil  column  and  the  polished  surface  of  the  confining  tube.  By  this 
means,  the  wall-friction  has  been  reduced,  to  about  10^  of  the  value 
observed  without  the  lubricating  layer.  It  may  be  possible  to  find  a 
substitute  for  the  expensive  polished  metal  surface  and  Teflon  powder. 
The  adequacy  of  this  system  for  reducing  wall  friction  has  not  yet  been 
demonstrated  in  dynamic  tests.  Such  dynamic  tests  have  been  planned  at 
the  Atlantic  Test  Station  using  a  one  foot  diameter  tube  so  that  several 
accelerometers  placed  at  different  locations  with  respect  to  the  weOJ., 
could  be  used  simultaneously.  The  Atlantic  Research,  Ryge  Shock  Tester 
will  apply  a  force  to  the  soil  storface  in  this  tube.  A  dleigram  of  this 
planned  set  up  is  shown  in  Figure  6.  The  force  applied  can  rise  to  a 
maximum  in  a  few  milliseconds  and  maintain  that  value  approximately 
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constant  for  30  milliseconds  or  longer,  depending  on  the  stress  wave 
shape  desired.  The  Byge  Shock  Tester  shown  at  the  top  In  this  figure 
can  produce  a  thrust  of  40,000  pounds.  The  10-foot  long  shock  tube, 
whose  Inside  diameter  Is  10 -In.  Is  securely  fastened  to  the  concrete 
fovindatlon  hy  means  of  two  8- Inch  structural,  channels  straddling 
the  3-foot  diameter  hole.  To  minimize  reflections.  It  Is  Intended  to 
fill  the  "bottom  of  the  3- foot  diameter  hole  with  sand  to  a  depth  of 
4  feet  "below  the  end  of  the  shock  tube  not  shown  In  this  figure. 
Experiments  will  be  rim  In  the  Instrumented  tube  both  with  and  without 
the  Teflon  powder.  The  Information  obtained  should  supply  needed 
Information  for  the  earth  shock  tube  experiments  "being  conducted  at 
Ballistic  Besearch  Laboratories. 

A  need  for  better  control  of  the  wave  shape  being  generated  In 
the  3-foot  diameter  ERL  shock  tube  has  become  apparent  from  past 
experiments.  Steps  have  been  taken  to  Inwove  this  control.  It  Is 
anticipated  that  stress  waves  of  emy  desired  shape  will  be  producible. 
There  win  probably  "be  several  changes  necessary  before  the  earth  shock 
tube  takes  Its  final  form.  Such  a  facility  should  supply  Infozioatlon 
strongly  needed  in  plane  wave  propagation  studies,  also  the  facility 
should  Increase  the  effectiveness  of  Amy  Ordnance  to  destroy  burled 
structures . 
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FIG.  6.  HY6E  SYSTEM  FOR  SOIL  SHOCK  TUBE  PROGRAM 
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ABSTRACT 

A  shock  tube  employed  for  blast  biology  studies  Is  described  along 
with  the  results  of  one  series  of  experiments. 

Ibe  shock  tube  Is  air-driven  and  utilizes  Hylar  plastic  diaphragms. 

Ibe  compression  chamber  Is  I7.5  ft  In  length  and  40.^  In.  I.D. ;  It  reduces 
In  diameter  to  23.5  in.  over  a  3-ft-long  transition  section  just  upstream 
of  the  diaphragm  station.  The  expemslon  chamber  consists  of  30  ft  of 
23.5  In.  I.D.  tubing  followed  by  22  ft  of  40.5  tubing.  It  Is 

closed  dlstally  by  a  steel  end-i>late  to  generate  high  pressures  from  the 
reflected  shock.  Three  vents  In  the  expansion  side  of  the  system  serve 
to  control  the  duration  of  the  overpressure  auid  to  eliminate  multiple 
reflections  by  bleeding  off  the  reflected  shock  as  It  travels  upstream. 

An  Interspecles  correlation  Is  presented  based  on  morteility  data 
from  six  species  of  experimental  emlmals  with  em  extrapolation  to  a  70 
kg  animal. 

INTRODUCTION 

The  shock  tube  has  proven  to  be  a  vEd.uable  tool  In  studying  the 

(1-5) 

biological  effects  of  air  blast'  ?y  appropriate  modifications,  the 

device  cem  be  made  to  generate  a  wide  variety  of  wave  forms  some  of  • 

idilch  closel;''  resemble  those  recorded  inside  structures  enosed  to  fuU- 

(6  7) 

scale  nuclear  detonations'  Hie  capability  of  creating  and 
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reproducing  at  will  a  desired  variation  In  environmental  pressure  has 
made  It  possible  to  Initiate  con^ratlve  Interspecles  experimentation 
without  which  there  cem  be  no  clear  understanding  of  hazardous  and  non- 
hazardous  wave  forms.  In  this  light.  It  Is  well  to  emphasize  that  the 
air-driven  shock  tube  has  an  unusual  versatility  and  offers  many  other 
advantages.  For  example.  It  has  become  possible  to  achieve  the  precision 
In  performance  that  is  qtiite  critical  for  biological  experimentation. 

Too,  with  proper  care,  there  need  be  no  complications  due  to  secondary 
missiles,  hot  gases,  and  toxic  fumes  \dilch  often  plague  explosive -driven 
tubes.  Finally,  pressure-time  recording  Instruments,  as  well  as  those 
employed  to  monitor  pathophysiological  processes,  can  be  mounted  Just 
outside  the  test  chamber  In  close  proximity  to  the  animal  under  stvidy. 

It  Is  well  now  to  turn  to  the  two  main  pxirposes  of  this  paper; 
namely,  first  to  describe  a  shock  tube  assembled  to  produce  single 
pressure  pulses  that  rise  almost  Instantaneously  to  a  maximum  emd  endure 
for  about  400  msec,  which  Is  a  wave  form  quite  comparable  to  those 
produced  under  ceirtaln  clrcimistances  by  nuclear  detonations;  emd  second, 
to  present  mortsdlty  data  on  six  species  of  smlmals  all  exposed  In  a 
similar  geometry  to  similar  pressure-time  phenomena  that  vcurled  among 
the  species  mostly  with  respect  to  the  magnitude  of  the  overpressure. 

METHODS 

Geometry  of  the  Shock  Tube 

Figure  1  presents  a  diagram  of  the  blast  tube.  The  over -all  length 
Is  approximately  70  ft.  The  compression  chamber  measures  17  ft  ^  In.  and 
has  em  Internal  diameter  of  4o.^  In.  The  driver  reduces  In  diameter  from 

40.5  in.  to  23-5  In*  over  a  3-ft  long  transition  section  at  Its  diaphragm 
end.  The  expansion  chamber  is  53  ft  4  in.  in  length,  of  lAlch  30  ft  Is 

23.5  In.  I.D.  tubing  followed  by  22  ft  of  40.5  In.  I.D.  tubing.  The 
Increase  In  diameter  of  the  expansion  chamber  from  23.5  In.  to  40.5  in. 
occurs  rather  abioiptly  over  a  speua  of  little  over  1  ft. 

As  noted  In  Figure  1,  the  driver  is  statloneuiy  since  it  is  "nested" 

In  a  massive  reinforced  concrete  back-stop.  Consequently,  the  various 
ccmiponents  on  the  expemslon  side  are  on  casters  to  facilitate  dlaphreigm 
replacement.  The  end  of  the  tube  Is  closed  by  a  2-ln.  thick  steel  plate  - 
the  end -plate. 
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Three  vents,  each  10xl4x8  in.,  are  located  at  the  upstream  end  of 
the  40.5  in.  tubing  of  the  expansion  chamber.  These  vents  serve  to 
"tailor"  the  wave  form  and  will  be  discussed  later. 

The  diaphragms  employed  are  ^OxijO  in.  sheets  of  polyester  plastic 
film  (Dupont  Mylar).  They  have  holes  pre -drilled  to  match  the  bolt 
holes  in  the  flanges.  For  their  Insertion  they  are  simply  bolted 
between  the  appropriate  flanges.  Jfylar  sheets  of  0.010  and  0.0075  in. 
thickness  are  employed,  a  predetermined  number  being  used  to  hold  a 
given  pressure  in  the  driver  section. 

Diaphragms  are  ruptured  by  lead  pellets  from  a  sawed-off  12-gauge 
shotgun  mounted  on  the  tube.  The  gun  fires  straight  down  through  the 
tube,  through  holes  appropriately  placed  in  the  top  and  bottom  of  the 
tube.  The  diaphragms  under  pressure  obligingly  bow-out  in  the  path  of 
the  shotgun  blast.  Since  the  shot  passes  out  of  the  tube  through  the 
vent  in  the  under  side,  it  is  not  carried  downstream  where  it  might 
Interfere  with  the  test. 

Photographic  views  taken  of  the  blast  tube  are  presented  in  Figures 
2,3  and  k.  As  seen  in  Figure  3  access  into  the  end  of  the  tube,  for 
animal  placement,  is  accomplished  by  separating  the  tube  at  the  distal 
most  24  in.  flanges. 

The  shack  seen  near  the  end-plate  houses  the  pressure-time  recording 
instruments  and  the  equipment  necessary  to  operate  the  shock  tube. 

Instrumentation 

In  these  particulsu"  experiments  pressure-time  variations  were  measured 
by  Quartz  piezo-electric  gauges  (Model  40l)  that  were  shock  mounted  flush 
with  the  inside  of  the  tube.  Gauges  were  routinely  placed  at  the  end -plate 

and  at  short  distances  upstream  from  the  end -plate.  The  signal  from  a 

* 

gauge  was  fed  through  low  noise  cable  with  an  amplifier-calibrator  into 


*  Purchased  from  Klstler  Instrument  Corporation,  North  Tonawanda,  N.Y. 
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an  oscilloscope  (Tektronix  Model  535A)  having  a  Type  L  or  Type  53/5^C 
pre -amplifier  plug-in  unit.  This  oscilloscope  has  a  single  sweep 
circuit  which  prevented  retriggering  after  the  desired  trace  was 
recorded. 

In  using  the  oscilloscope,  the  horizontal  sweep  was  externally 
triggered  by  the  signal  from  another  "trigger  gauge"  of  Barium  Titamate 
located  just  upstream  of  the  recording  gauge.  Pre -triggering  the  sweep 
allowed  a  reference  trace  of  base  line  to  be  photographed  during  the 
time  the  shock  travelled  from  the  "trigger  gauge"  to  the  recording  gauge. 
To  insure  sufficient  voltage  to  trigger  reliably  the  oscilloscope  sweep, 
the  signal  from  the  trigger  gauge  was  amplified.  A  power  supply  (l^pe 
105)  with  amplifiers  (l^ype  104A)  was  used  for  that  purpose. 

The  sweep  on  the  face  of  the  oscilloscope  was  photographed  for  the 
permanent  pressure -time  record  with  a  Polaroid  Land  Camera  moimted  in  a 
periscope  assembly.  The  components  that  medce  up  a  channel  of  instru¬ 
mentation  are  shown  in  Figure  5.  Available  at  present  are  8  channels  of 
pressure -time  measuring  gear  plus  three  channels  for  monitoring  the 
pressures  within  biologlcail  systems. 

Calibration  of  Gauges 

The  quartz  piezo-electric  gauges  were  statically  calibrated  using 
a  small  pressure  vessel.  Their  dynamic  x>erfoniiance  was  also  checked  on 
a  12-ln.  -  diameter  calibration  shock  tube.  Barium  tltanate  and  lead 
zlrconate  crystal  gauges  were  calibrated  on  the  calibration  shock  tube 
by  measuring  their  voltage  out-put  at  various  shock  pressures.  Hie 
latter  were  computed  frcmi  measuring  the  speed  of  the  shock  with  a  Hewlett- 
Packard  Electronic  Counter  that  was  started  and  stopped  by  gauges  placed 
18  in.  aiiart. 

Biological  Material 

Table  1  sumnarizes  the  number  of  animals  frcmi  each  of  the  6 
different  species  that  were  employed  in  this  study,  along  with  their 
body  weights  and  ages.  Of  the  total  of  569  animals,  l4o  were  mice; 

*  Purchased  from  Atlantic  Research  Corporation,  Alexandria,  Va. 
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TABLE  1 


ANIMALS  USED  IN  THIS  STUDY 


Mouse  140  22  g  t  1.9*  1  -  l-l/2 

(Webster  Strain) 


Rat  l6k  192  g  t  25  2  -  2-1/2 

( Sprague  -Dawley  ) 

Guinea  pig  96  4^5  g  i  37  3-1/2  -  4 

(English  short  haired) 

Rabbit  104  1.97  kg  i  0.26  2-1/2  -  3 

(New  Zealand  White) 

Dog  35  15*1  kg  t  3.1 

(Mongrel) 

Goat  30  20.5  kg  t  3.6  4-5 

(Mixed  breed) 


Mean  and  staoidard  deviation 


4o 


l6k,  rats;  96,  guinea  pigs;  lOU,  rabbits;  35,  dogs;  and  30,  goats. 

Their  body  weights  ranged  between  22  g  for  the  mouse  to  20  kg  for  the 
goat. 

All  animals  were  exposed  to  the  overpressure  against  the  end-plate. 
Except  for  a  few  of  the  mice  euid  rats  that  managed  to  turn  end-for-end 
In  their  cages,  all  animals  were  rlght-slde-on  to  the  Incident  shock 
front.  The  dogs  and  goats  were  restrained  In  harness  -  the  mice,  rats, 
guinea  pigs,  and  rabbits  In  wire  mesh  cages  as  described  In  a  previous 
study . 

RESULTS 

Pressure -time  Records 

Illustration  of  four  plezo-electrlc  gauge  records  are  presented  In 
Figure  6.  Ihe  upper  two  records  were  from  gauges  1  and  2  located  face- 
on  flush  with  the  Inside  of  the  end-plate,  while  the  lower  two  records 
were  from  gauges  3  and  k  side -on  at  3  In.  and  9  In.  upstream  from  the 
end-plate.  As  seen  In  the  figure,  the  face-on  gauges  see  the  Incident 
emd  reflected  shock  pressures  as  one  step,  tdiereas  those  gauges  slde-on 
resolve  the  shocks  as  two  pressure  steps.  It  caui  also  be  noted  from  the 
record  of  gauge  2  that  the  rise  time  of  the  pressure  on  the  end-plate 
was  less  than  that  of  the  gauge.  The  oscillations  seen  on  the  records 
to  damp  out  rapidly  were,  of  course,  due  to  the  natural  frequencies  of  the 
quartz  crystal  gauges. 

The  duration  of  the  overpressure  (near  kOO  msec)  can  be  reeid  from  the 
record  of  gauge  k  since  the  oscilloscope  that  recorded  the  out-put  of  that 
gauge  was  run  at  a  fairly  slow  sweep-speed  of  50  msec/cm. 

The  magnitude  of  the  Incident  and  reflected  shock  fronts  obtained 
with  a  range  of  compression  chamber  pressures  between  17  psl  to  I70  psl 
was  plotted  emd  Is  shown  in  Figure  J.  Tbe  reflected  shock  pressures 
frcxn  25  psl  to  nearly  60  psl  were  sufficient  for  the  ccxapllatlon  of  the 
dose-response  curves.  Tbe  durations  of  the  overpressures  over  that 
range  of  reflected  pressures  were  between  350  to  kl2  msec. 
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Mortality 

The  24-hr  lethality  obtained  with  the  sample  of  animals  exposed 
at  the  various  driver  pressures  and  the  associated  mean  incident  and 
reflected  pi-essures  are  given  in  Table  2.  Previous  studies  have  shown 
that  the  mortality  was  best  correlated  with  the  reflected  shock  pressures^ 
Since  plotting  the  per  cent  mortality  aigainst  the  reflected  pressure 
produced  a  sigmoid  curve,  the  probit  analysis  was  applied  to  the  data 

/Q\ 

^ich  transforms  it  into  a  straight  line'  .  The  general  form  of  the 
probit  equation  of  this  type  was; 

Y  =  a  +  b  log  X 

idien  Y  was  the  per  cent  mortality  in  probit  units,  X  was  the  reflected 


shock  pressure,  and  a  and  b  were  the  intercept  and  slope  constants, 
respectively.  The  (the  pressure  associated  with  50  per  cent 

mortality)  was  obtained  by  substituting  the  problt  value  of  5  (equal  to 
50  per  cent  mortality)  for  Y  in  the  appropriate  probit  equation  and 


solving  for  X.  The  LD^q*s  obtained  in  this  manner,  the  standard  errors 
of  the  LD^q’s  and  the  problt  regression  line  equations  are  listed  in 
Table  3.  The  U^^^’s  in  order  of  increasing  species  weights  were  as 
follows:  mouse,  30. 7j  rat,  36.3;  guinea  pig,  3^*5;  rabbit,  29.6;  dog, 
and  goat,  53*0  pai.  The  trend  was  for  the  LD^^'s  to  increase 
with  the  species  size.  Hie  problt  regression  lines  with  the  data  points 
are  presented  graphically  in  Figure  8. 


The  LD^q's  fell  into  three  groups  according  to  statistical  tests 
that  compared  them  for  significant  differences.  The  mouse  and  rabbit 
were  not  significantly  different  from  one  another  at  the  95  per  cent 
confidence  level;  neither  were  the  guinea  pig  and  rat,  nor  the  dog  emd 
goat.  However,  each  pair,  as  grouped  above,  were  different  statistically 
frcsfl  one  another.  That  is,  the  mouse  euid  rabbit  were  significcmtly 
below  the  rat  and  guinea  pig  idio  were  below  the  dog  emd  goat. 


Appropriate  statistical  tests  that  compare  the  slopes  of  the  six 
probit  mortality  curves  revealed  that  they  were  essentially  parallel  at 
the  95  per  cent  confidence  level.  This  may  be  interpreted  to  mean  that 
the  same  type  of  stimulus  was  instrumental  in  killing  the  animals  from 

/Q  \ 

each  species'  . 


42 


XABLE  2 


NORMUTr  AS  SKLAXKD  TO  OBI  NACanTODB  OF 
IBI  IlCXIT  AID  REFUBCIIBD  SBOCX  FRnTS 


Coapresslon 

Ahaaber 

pressure 

psl 

Incident 

ibeck 

psi 

Reflected 

shock 

psl 

NortalltT 

Ro.  dead 

Total  Per  cent 

Mice; 

58 

10.2  1 

f  9.5  -  n.o] 

1  27.2  1 

(25.4 

-  27.9; 

1  7/40 

17.5 

65 

11.2  ( 

10.9  -  11.4; 

1  28.9  1 

[28.6 

-  29.1; 

1  8/30 

26.7 

70 

10.9  1 

(10.5  - 11.2; 

1  31.6  1 

31.3 

-  31.9) 

)  18/30 

60.0 

80 

13.3  1 

13.2  -  13.4; 

1  35.6  1 

34.7 

-  36.6] 

I  18/20 

90.0 

130 

19.0  ( 

fl7.5  -  18.5; 

I  50.8  1 

[49.5 

-  52.2; 

)  20I20 

100.0 

Bats; 

70 

11.4  1 

(10.9  -  11.9] 

1  30.4  I 

[30.0 

-  30.8] 

1  2/30 

6.7 

80 

13-8  ( 

[13.4  -  i4.i; 

1  34.4  1 

33.8 

-  34.7] 

1  12/34 

35.3 

95 

13.6  ( 

12.7  -  14.0)  38.6  1 

37.9 

-  39.6 

1  35/50 

70.0 

105 

15.4  ( 

15.0  -  15.8)  42.2  I 

[40.3 

-  43.2 

1  35/40 

87.5 

130 

18.0  ( 

[17.5  -  18.5)  50.8  I 

[49.5 

-  52.2] 

1  10/10 

100.0 

Guinea  pigs: 

65 

10.9  ( 

^10.6  -  11.0] 

1  29.0  ( 

[28.6 

-  29.8] 

1  1/24 

4.2 

80 

12.0  ( 

11.0  -  12.4] 

1  33.9  1 

33.2 

-  34.3 

)  9/24 

37.5 

80 

13.4  ( 

12.8  -  l4.o] 

1  35.8  1 

35.5 

-  36.5 

1  18/24 

75.0 

95 

13.5  < 

[11.3  -  14.7) 

1  39.9  1 

[38.1 

-  41.0) 

1  21/24 

87.5 

Rabbits: 

48 

9-2  < 

[  8.7  -  9.8] 

1  22.8  1 

[20.0 

-  24.7] 

>  1/20 

5.0 

58 

10.5  ( 

9.6  -  10.9 

1  26.9  ( 

25.0 

-  29.1 

>  10/28 

35.7 

75 

12.2  ( 

11.5  -  13.6 

1  32.6  ( 

30.5 

-  34.6 

1  16/24 

66.7 

80 

13.1  < 

12.5  -  13.6 

I  36.6  1 

35.2 

-  38.3; 

»  17/20 

85.0 

95 

14.3  ( 

’14.0  -  14.7' 

1  40.5  ( 

[40.4 

-  40.5) 

1  12/12 

100.0 

USSSL 

95 

14.7  1 

13.9  -  15.1)  39.2  ( 

[39.0 

-  39.4; 

»  0/5 

0 

115 

16.6  ( 

16.0  -  17.4)  44.1  ( 

42.2 

-  44.9 

1  1/10 

10.0 

130 

lt.7  < 

16.9  -  18.4)  48.1  ( 

46.8 

-  49.6 

1  6/10 

60.0 

150 

19.0  ( 

:i8.2  -  19.9)  53.0  ( 

[50.0 

-  55.3) 

1  9/10 

90.0 

Goats: 

130 

16.7  ( 

15.9  -  17.8) 

)  Mf.9  ( 

[44.0 

-  46.2] 

1  2/10 

20.0 

150 

18.2  ( 

16.2  -  19.3J 

1  51.4  ( 

47.3 

-  56.2 

1  4/10 

40.0 

170 

19.4  ( 

19.0  -  20.1] 

1  56.9  ( 

56.6 

-  57.4 

'  3/5 

60.0 

170 

20.3  ( 

20.0  -  20.7) 

1  59.3  1 

58.7 

-  60.1) 

1  4/5 

80.0 

Ccaputed  LD  ^'s:  Mice,  30.7  psi;  rats,  36.3  psl;  guinea  pigs,  3^.5  psl;  rablts,  29.6 
^  psl;  dogs,  47.8  psl;  goats,  53. 0  psl. 


Mean  and  range. 
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TABLE  3 


SUMMARY  OF  TBZ  RESULTS  FROM  THE  PROBIT  ANALYSIS 


Species 

LD 

50 

psl 

Standard  error 
of  the  psl 

Froblt  eauatlon  constants 

Intercept,  a 

slope,  b 

Mouse 

30.7 

■to.  56 

-23.63 

19.25 

Rat 

36.3 

to.6l 

-23.82 

18.48 

Guinea  pig 

34.5 

±0.64 

-28.50 

21.78 

Rabbit 

29.6 

±0.90 

-13.63 

12.67 

Bog 

47.8 

±1.06 

-49.47 

32.43 

Goat 

53.0 

±2.79 

-16.68 

12.57 
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Interapecles  Correlation  Between  U),^  Reflected  Pressures  and  Species  Welfdit 

A  log -log  plot  of  the  U)^q's  versus  the  mean  body  velght  of  each 
species  appecu*8  In  Figure  9*  regression  line  equation,  calculated  by 

the  method  of  least  squares  that  best  fit  the  data,  was: 

Log  LDjq  =  1.3673  +  0.06939  log  BW 

vfaere 

LD_-  =  the  reflected  pressure  required  for  50  per  cent 
pu 

lethality,  psl 

BV  =  mean  body  velght  of  the  species,  grams 
1.3673  =  the  Intercept  constant 
0.06939  =  the  slope  consteuit 

According  to  Figure  9  there  Is  fair  agreement  between  the  calculated 
line  euid  the  measured  points  save  for  the  rabbit  lAose  point  was  notice¬ 
ably  low  for  Its  velght.  The  standard  error  of  the  regression  estimate 
was  0.0602  log  units  or  13.9  pei*  cent. 

Included  In  Figure  9  Is  the  ceaculated  point  for  a  70  kg  animal. 

It  was  obtained  by  simply  solving  the  regression  equation  for  a  body 
velght  of  70,000  g.  In  other  words,  this  predicts  5O.5  pel  to  be  the 

reflected  pressure  for  a  leu^e  animal  the  size  of  man  es^sed 
against  a  reflecting  surface  to  a  single-pulse  overpressure  rising 
almost  Instantaneously  to  necu*  a  maximum  and  enduring  for  about  400  msec. 

Discussion 

By  way  of  discussion,  remarks  In  three  areas  eire  Indicated;  l.e., 

(a)  the  general  behavior  of  the  pressure  source,  (b)  the  wave  form 
achieved  using  the  shock -tube  hsurdware  described,  emd  (c)  the  biological 
Implications  of  the  data. 

The  QenereJ,  Behavior  of  the  Pressure  Source 

A  study  of  Table  2,  idilch  gives  the  mean  euid  range  of  the  Incident 
and  reflected  shock  overpressures  for  the  several  ejqperlments,  shows 
that  the  pressure  sovurce  utilized  did  not  function  perfectly  as  tax  as 
reproductlblllty  of  overpressures  were  concerned.  For  example,  the 
variation  In  incident  shocks  for  the  different  pressure  groupings 
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ranged  from  a  few  tenths  of  a  psl  to  a  maxlmim  of  3-*^  psl  (see  the  guinea 
pig  data  for  95  psi  compression  chamber  pressure).  In  the  latter  case 
the  mean  incident  shock  pressure  was  13-'5  psl  with  a  mlnlmimi  2.2  psi 
below  and  a  maximum  1.2  psl  above  the  mean,  respectively.  Variability 
for  reflected  shocks,  as  could  be  expected,  was  somewhat  greater,  but 
only  ranged  from  a  few  tenths  of  a  psl  to  a  maximum  of  8.9  psi  for  the 
goat  exposure  Involving  a  compression  chamber  pressure  of  I50  psl.  The 
maximum  reflected  shock  was  4.1  psi  above  the  mean  idille  the  mlniimnn  was 
4.1  psi  below  the  mean  of  51.4  psi.  Though  this  last  variability  repre¬ 
sents  a  performance  about  t  10  per  cent  from  the  mean  pressure,  it  is 
Indeed  the  maximal  "misbehavior”  of  the  shock  tube.  In  most  cases,  the 
variability  was  much  less  as  a  study  of  the  data  in  Table  2  will  show. 

In  fact.  Judging  from  earlier  experience,  the  reproductibillty  performance 
noted  in  the  present  study'  is  considered  quite  good  Indeed. 

The  Wave  Form  Achieved 

Before  the  vent  holes  were  added  to  the  distal  section  of  the  shock 
tube,  the  wave  form  had  many  undesirable  characteristics:  first,  the 
duration  of  the  overpressure  was  longer  thsm  desired;  second,  there  was 
considerable  "crowning"  of  the  overpressure  after  the  development  of  the 
reflected  shock,  that  is,  the  maximal  pressure  developed  was  considerably 
above  the  reflected  shock  pressure;  third,  marked  oscillations  in  the 
overpressure  occurred  during  the  falling  phase  of  the  pulse.  These  were 
many  in  number  and  the  amplitude  of  the  oscillations  was  high. 

After  addition  of  the  vents,  all  of  these  untoward  characteristics 
were  Improved,  though  the  wave  form  achieved  is,  from  one  point  of  view, 
still  not  exactly  that  desired.  For  example,  attention  is  directed  to 
the  lower  rlghthand  trace  in  Figure  6  which  shows  the  pressure  pulse  in 
its  entirety  on  a  scmiewfaat  compressed  time  scale.  IDie  reader  will  note 
that  the  maximsLl  overpressure  achieved  is  still  someidiat  above  (about 
5  psi)  the  reflected  shock  pressure  of  near  36  psi.  Also,  the  pressure 
oscillations  present  represent  a  swing  in  pressure  of  about  I9  psi, 
occurring  in  20  msec;  this  involves  a  variation  of  about  l/2  the 
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magnitude  of  the  reflected  shock  pressure.  Also,  if  20  msec  is  taken 
for  the  half-cycle  time,  the  frequency  of  this  portion  of  the  oscil¬ 
lation  is  25  cps. 

Thus,  vave  forms,  having  the  characteristics  of  the  pattern  just 
discussed,  raises  uncertainties  as  regards  assessing  the  biological 
implications  of  the  pressure  pulse,  which  uncertainties  wculd  be 
markedly  lessened  if  the  wave  forms  were  "clesm";  e.g.,  the  crowning 
and  pressure  oscillations  were  absent.  This  point  will  be  pursued  later. 

However  this  may  be,  it  can  be  said  from  another  point  of  view  that 
the  wave  forms  recorded  in  the  present  study  are  similar  to  some  of  those 
seen  in  full-scale  operations  in  Nevada  ard  are,  therefore,  quite 
desirable^^\  In  truth,  there  is  need  for  knowing  the  biology  of  both 
"clean"  and  "vmclean"  pressure  pulses  and  in  this  light  the  present  study 
contributes  a  great  deal. 

Biological  Implications  of  the  Data 

At  least  two  interesting  questions  arise  in  the  biological  area: 
first,  what  portions  of  the  pressure  pulse  contribute  to  injury  and 
second,  >diat  faith  may  or  may  not  be  put  in  extrajxjlating  Interspecles 
data  to  larger  animals? 

With  regard  to  che  first  question,  it  is  now  clear  that  the  animal 
poorly  tolerates  very  "fast"-rising  overpressvures  compeured  with  "slow"- 
rlslng  pressure  pulses  of  the  same  magnitude ^ ^ ^ .  This  fact  directs 
attention  to  the  rising  phase  of  the  overpressure  as  critical  and  implies 
that  damage  is  associated  with  shock  loading.  If  Indeed  this  is  so  and 
the  animal  suffers  damage  from  the  initial  pressure  rise,  then  any  after- 
ccming  pressure  variations  might  well  enhance  the  Injury.  Also  involved, 
of  course,  is  the  amplitude  and  frequency  of  the  pressure  oscillations, 
particulsurly  as  the  latter  may  "match"  the  natural  frequency  of  the 
thorax -abdominal  system  of  a  given  species. 

Also,  if  shock  loading  is  one  of  the  critical  factors  biologically, 
one  would  expect  that  any  degrading  of  the  average  rate  of  pressure  rise  - 
all  other  factors  being  equsQ.  -  would  be  associated  with  Increased 
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tolerance  to  overpressure.  Such  Is  the  case  eniplrlcaJJ.y.  Guinea  plgs> 
for  example,  exposed  at  Increasing  distances  from  the  end -plate  of  a 
shock  tube  show  an  Increase  In  from  37  psl  against  the  end-plate 
to  57  psl  at  1  ft  from  the  end -plate;  e.g.,  the  pressure  rises  In  two 
rapid  steps  Instead  of  one'  .  Likewise,  dogs  tolerate  without 
fatality  well  over  I50  psl  If  the  time  to  Raax  Is  30  msec  or  longer, 
even  though  the  pulse  duration  Is  as  long  as  5  to  20  sec' 

Involved  In  the  biological  Interpretation  of  the  hazards  of  over- 
pressvire  Is  the  duration  of  a  single,  "fast" -rising  overpressure. 

Seta  are  at  hand  idilch  Indicate  that,  within  limits,  the  duration  of 
such  a  pulse  of  overpressure  is  significant;  e.g.,  for  the  dog  about 
220  psl  enduring  for  1.8  msec  Is  fatal,  idiereas  only  75  psl  is  fatal 
when  the  duration  Is  11.8  msec;  for  asialler  animals,  duration  Is 
Important  only  for  shorter  Intervals  like  fractions  of  a  millisecond 
to  1,2,  or  3  msec'^^. 

Currently,  data  simply  are  not  at  hand  to  allow  a  more  definitive 
and  quantitative  Interpretation  of  those  characteristics  of  pulses  of 
overpressure  which  define  hazard  clearly.  It  remains  for  future  work 
to  systematically  spell  out  the  criticality  of  rates  of  pressure  rise, 
overpressure  duration,  step  loading  with  two  or  more  shocks  In  the 
rising  phase  of  a  pulse,  emd  finally  the  biological  meeuilng  of  oscil¬ 
lating  overpressures. 

Last,  there  remains  the  question  of  extrapolating  Interspecles 
blast  data  to  larger  (or  smaller)  emlmals.  Ihere  Is  little  to  be  said 
except  that  one  should  approach  the  extrapolation  of  data  to  any  given 
species.  Including  man,  with  considerable  caution.  First,  It  should 
be  noted  that  all  the  animals  used  In  the  work  described  here  were 
mounted  against  a  reflecting  surface  and  any  extrapolation  should  keep 
this  fact  In  mind.  Second,  the  shock  overpressures  related  or  correlated 
with  the  Interspecles  mortality  were  the  reflected  shock  pressures  smd 
one  should  not  confuse  an  Incident  or  local  static -free  field  pressure  - 
corresponding  to  the  Incident  pressures  reported  here  -  with  the 
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reflected  shock.  Third,  exactly  what  the  pressure  reflection  would  be 
idien  an  Incident  wave  strikes  an  aniiwAl  in  the  open  Is  not  currently 
cleeu*  to  the  authors  and  certainly  the  data  presented  do  not  beeur  upon 
this  point. 

Fourth,  the  extrapolation  set  forth  In  Figure  9  applies  strictly 
to  the  pulse  fom  studied  euid  to  em  overpressure  duration  of  about 
ItOO  msec.  Fifth,  for  these  conditions,  It  Is  not  known  whether  man  Is 
mbre  or  less  tolerant  than  might  be  Implied  by  the  70  kg  point  marked 
In  Figure  9<  A  few  data  do  exist  for  the  himian  case  idilch  relate  235 
psl^^^  and  450  psl^^^^  with  htmian  mortality,  but  these  concern  only  high 
explosive -produced  overpressures  of  a  few  msec  duration  and  do  not  apply 
at  all  to  the  longer  duration  case.  It  would  seem,  therefore,  that  the 
extrapolation  Indicating  that  a  400  msec  single,  sharp-rising  over¬ 
pressure  of  50.5  psl  applies  to  as  Isurge  cm  animal  as  man  and  might  well 
be  considered  a  tentative  figure  subject  to  all  the  conditions  mentioned 
above.  In  the  meantime,  one  must  await  the  results  of  further  e^^rl- 
mental  work  to  define  more  definitively  man's  tolerance  to  blast. 
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Figure  1 
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Figure  2 
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A  HIGH-EXPLOSIVE  OPERATED  SHOCK  TUBE 


WITH  FACILITIES  FOR  TESTING  STRUCTURES 
L.  0.  Leirsson 

Research  Department,  Royal  Swedish  Fortification  Administration 

Stockholm,  Sweden 


INTRODUCTION 

Most  shock  tubes  talked  about  seem  to  be  shock  tubes  of  the  classi¬ 
cal.  type  with  high-pressure  and  low-presstire  chambers.  Bierefore,  my 
presentation  of  the  high-explosive  operated  shock  tube  used  by  the 
Research  Department  of  the  Royal  Swedish  Fortification  Administration, 
is  perhaps  a  bit  out  of  the  way.  Nevertheless,  it  has  proved  to  be  very 
useful  for  our  purposes,  i.e.  testing  structxires  and  structural  elements, 
such  as  concrete  beams,  slabs,  shelter  doors,  rapid-closing  valves,  etc., 
and  performing  certain  model  tests.  Besides  being  a  cheaper  emd  often 
more  convenient  way  than  performing  full  scale  tests  with  nuclear  weapons, 
for  a  little  country  without  such  possibilities  the  shock  tube  facility 
offers  the  only  way  of  getting  similar  loadings. 

DESCRIPTION  OP  THE  SHOCK  TUBES 

At  present  we  have  two  high-explosive  operated  shock  tubes.  The 
first  one.  Shock  Tube  I  (Figures  1  and  2)^^^,  was  built  in  1955  and 
turned  out  to  be  very  useful  for  different  investigations  in  the  field 
of  fortifications  (protection  structures).  It  has  a  length  of  1.0m.  and 
a  diameter  of  1,0  m.  The  span  of  producible  loetdlngs  was,  however,  found 
often  to  be  too  limited.  Peak  overpressure  4  l4  atm  and  pressure  jdiase 
duration  <12  ms.  The  loeuiing  characteristics  are  shown  in  Figure  3. 
Moreover,  the  space  of  the  test  section  is  too  restrictive  for  tests  of 
reinforced  concrete  beams  and  similar  elements. 

* 

Therefore,  a  second  shock  tube,  c&Llled  Shock  Tube  II  ,  was  built  in 
1956  on  the  basis  of  the  gathered  experiences  from  the  first  one.  It 
is  best  described  by  referring  to  Figures  4  and  5.  The  two  main  parts 


*  Both  shock  tubes  I  and  II  were  designed  by  S.  G.  A.  Bergman  and 
S.  Grans trcxn. 
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of  the  Shock  Tube  II  are  the  long  steel  tube  in  which  the  blast  is 
generated,  and  the  test  section,  where  the  objects  to  be  tested  are 
inserted.  The  dimensions  of  the  very  tube  are:  length  4o  m.  and  dia¬ 
meter  1.5  m.  (see  Figiire  k).  The  tube  wall  is  10mm.  thick.  There  are 
three  stations  in  the  tube  for  placing  the  high-explosive  charges. 

Here  the  tube  is  surrounded  by  heavily  reinforced  concrete  fundaments, 
which  are  placed  on  vibration  isolating  layers,  and  serving  as  supports. 

This  arrangement  allows  the  detonation  of  charges  up  to  10  kg  of  TNT 
located  in  the  centre  of  the  tube  section. 

The  tube  is  provided  with  dilatation  gliding  joints  between  the 
concrete  fundaments  in  order  to  avoid  temperature  stresses  that  could 
be  disastrous  if  added  to  the  blast  loading  induced  stresses.  Positions 
and  dimensions  of  the  concrete  fundaments  are  shown  in  Figure  4.  IRie 
fundament  closest  to  the  concrete  structure  of  the  test  section  is 
separated  from  this  one  only  by  a  vibration  isolating  layer.  These  two 
concrete  bodies  are  held  together  with  four  strong  steel  tubes,  the  ends 
of  which  are  rubber  isolated  to  minimize  the  vibrations  transmitted  to 
the  test  section.  .The  tube  fundament  surrounds  here  the  steel  tube 
along  a  length  of  10  meters  to  make  it  withstand  the  pressure  of  the  re¬ 
flection  zone  at  the  end  of  the  tube  when  -  as  in  most  cases  -  this  is 
closed. 

The  test  shaft  is  reached  from  the  sides  as  well  as  from  the  deck 
above  the  test  section.  On  the  deck  there  is  a  telfer  capable  of  lifting 
test  objects  weighing  up  to  7.5  metric  tons  end  placing  them  in  the  shaft. 

In  many  tests  the  objects  are  placed  at  a  wall  or  as  forming  part  of  a 
wall  which  is  placed  so  that  the  tube  is  closed  at  the  test  end.  (Of 
course  the  wall  itself  could  be  a  test  object,  e.g.  a  reinforced  slab). 

The  weill  is  pressed  against  the  tube  end  with  the  aid  of  a  clamping  device 
consisting  of  four  parallel  hydraulic  jacks  (Figm^e  6)  with  a  totsJ. 
pressure  force  of  900  MP*  "the  test  shaft  a  well-fitting  piece  of  tube 
can  be  placed  so  as  to  make  the  tube  continue  through  the  test  section. 

This  makes  it  possible  to  use  the  tube  without  a  reflecting  wall,  if  desired. 
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Close  to  the  test  section  there  is  a  room  for  the  necessary  recording 
and  measuring  apparatus.  After  a  blast  the  tube  is  filled  with  detona¬ 
tion  gases,  which  are  ventilated  out  by  a  fan. 

BLAST  LOADING  CHARACTERISTICS 

The  blast  loadings  producible  in  Shock  Tube  II  have  been  investigated 

by  use  of  piezoelectric  pressure  gauges  of  a  special  fashion  (Figures 

7  and  8) .  To  meet  the  often  very  severe  conditions  in  oiir  tests  a  rugged 

(2) 

type  of  gauge  has  been  developed  by  surrounding  a  tourmaline  crystal 
gauge  (made  for  use  in  water)  with  water. 

A  typical  pressure-time  record  of  a  blast  in  the  shock  tube  is  shown 
in  Figure  9j  where  also  three  well-known  parameters  are  defined,  the  front 
overpressure  (at  the  same  time  peak  pressure  for  this  type  of  curve)  p, 
the  positive  (pressure  phase)  Impiolse  i^  and  the  positive  (pressure  phase) 
duration  t^.  The  calibration  diagrams  referred  to  have  been  drawn  for  the 
case  of  closed  tube  end  at  the  test  section.  The  above  parameters  con¬ 
sequently  refer  to  reflexion  (see  Figures  10  -  12).  The  calibration 
records  available  to-day  show  that  in  Shock  Tube  II  it  is  possible  to 
generate  blast  loadings  with  peak  pressure  up  to  50  kgf/cm  (  m  715  psi), 
positive  impulse  up  to  235  gfs/cm  (  ^  2,9k  psi-sec),  and  positive  duration 
up  to  100  ms.  The  predominant  tendency  is  that  the  higher  the  used  !INT 
charge  and  the  shorter  the  distance  frcan  the  charge  to  the  reflexion  wall, 
the  higher  the  peak  pressure  of  the  loading.  I3ie  impulse  depends  in  the 
same  way  upon  the  size  of  the  charge,  but  charges  less  than  about  1  kg  of 
INT  produce  the  same  impulses  when  placed  at  the  10-meter  and  the  20-meter 
distances.  Bigger  charges  produce  at  the  10-meter  distance  lower  impulses 
than  at  the  20-meter  distance.  This  ancxnaly  of  the  10-meter  curve  -  which 
seems  real  -  might  be  explained  by  inccmiplete  development  of  the  flow  pro¬ 
duced  by  big  charges  near  the  reflexion  wall.  As  regards  the  positive 
duration,  the  tendency  is  decreasing  with  Increasing  charge  at  the  10-meter 
and  the  20-meter  distances,  and  the  opposite  at  the  40-meter  distance. 

(The  4o-meter  curve  is  partly  dashed,  because  the  experimental  data  here 


*This  measuring  device  and  technique  were  developed  by  the  author,  who 
also  made  the  calibrations  of  the  shock  tubes. 
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(not  yet  checked)  are  remarkably  higher  than  is  indicated  by  the  curve.) 

In  Figures  13  -  15  the  pressure,  impulse  and  duration  curves  for  the 
different  charge  locations  are  brought  together  for  comparison. 

The  calibration  described  aimed  primarily  to  a  study  of  the  character¬ 
istics  of  the  first  overpressure  phase.  Records  extended  over  longer 
times  show  also  a  secondary  wave  pattern  (Figure  l6),  which  seems,  however, 
to  be  of  little  importance  in  most  of  our  present  shock  tube  applications. 
The  secondary  shock  fronts  and  waves  have  much  less  pressure  than  that 
which  is  characteristic  of  the  first  overpressure  phase.  By  placing  some 
sort  of  grid  at  the  open  end  of  the  shock  tube,  waves  originated  there 
could  most  likely  be  extinguished  more  or  less  completely.  The  arrival 
time  of  the  second  front  has  been  evaluated  from  the  records  and  is  dia¬ 
grammed  as  a  function  of  the  charge,  with  charge  location  as  parameter 
(Figiore  17).  Some  other  curves  are  also  shown  for  canparlson.  The  IO¬ 
meter  and  the  20-meter  distances  give  constant  arrival  times,  but  at  ^4-0  m. 
the  time  increases  with  increasing  charge.  In  the  former  case  with  constant 
time  the  forming  mechanism  might  be  associated  with  a  shock  front  reflexion 
at  the  contact  surface  between  the  air  and  the  detonation  gases.  This 
hypothesis  is  being  investigated  with  the  aid  of  the  characteristic 
method.  In  the  latter  case  with  varying  arrival  time  the  mechanism  seems 
to  be  more  complicated. 

BLAST  SIMULATION  FACILITIES 

In  conclusion,  the  capacity  of  Shock  Tubes  I  and  II  to  simulate 

loadings  from  big  charges  detonating  in  free  air  is  demonstrated  in  Figure 

l8.  The  left  column  shows  the  overpressure  phase  of  the  loading  in  the 

shock  tube  for  given  charge  and  disteuice.  The  right  column  indicates  the 

equivalent  free  charge  and  distance  which  produce  approximately  the  same 
* 

loading  .  The  eqxiivalent  charges  and  distances  are  chosen  so  that  the 
loadings  agree  as  to  peak  pressure  and  impulse.  The  durations  of  the 
loading  in  the  shock  tube  and  the  loading  of  the  free  charge  then  differ. 

The  loading  in  the  tube  has  namely  longer  duration  than  the  loading  frcm 


*  The  values  of  the  blast  loading  characteristics  of  the  free  air  blast 
taken  from  Reference  5« 
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the  free  charge.  The  last  part  of  the  overpressure  phase  of  the  former 
contains,  however,  only  a  compeuratively  small  amount  of  lugmlse,  so  this 
discrepancy  can  be  expected  to  be  of  very  little  importance.  The  intention 
is  here  only  to  estimate  the  order  of  magnitude  of  the  simulated  charges. 

A  charge  of  TNT  in  the  tube  can  consequently  be  said  to  correspond  to 
a  free  charge  Q.  The  effectiveness  of  the  shock  tubes  can  then  be  ex¬ 
pressed  as  follows: 

■z 

Shock  Tube  I  q/q^  approx.  10^ 

Shock  Tube  II  Q/Q^  approx.  10^  -  10^ 

EXAMPLES  OP  APPLICATIONS  OF  THE  SHOCK  TUBE  LOADINGS 

■  A  series  of  concrete  slabs  (1.5  x  1.5  m. )  with  and  without  reinforce¬ 
ment  has  been  tested  in  the  shock  tube  in  order  to  investigate  the  be¬ 
haviour  of  slabs  subjected  to  blast  loading,  to  study  the  fracture  mechcuilsm, 
and  to  gain  information  for  design  calculations  (see  Figure  19). 

Door  constructions  offer  a  difficult  problem  in  connection  with  field 
fortifications  for  troops.  The  requirements  are  among  others  that  the 
troops  themselves  shall  be  able  to  build  doors  from  simple  material. 
Nevertheless,  the  doors  shall  give  good  protection  against  blasts  from 
nuclear  weapons.  Door  constructions  consisting  of  a  number  of  plank  layers 
laid  with  differently  directed  fibers  smd  Joined  with  nails  and/  or  glue  have 
been  tested  (Figure  20). 

The  Swedish  Civil  Defence  Administration  has  Issued  construction  specifi¬ 
cations  for  standard  population  shelters  and  has  recently  modernized  the 
shelter  types  earlier  used.  In  the  living  areas  of  towns  with  a  population 
over  some  50,000  inhabitants  every  new-built  living  block  for  more  than  two 
families  shaJ.1  be  equipped  with  a  standard  shelter  (in  the  basement)  capable 
of  resisting  blast  loadings  of  1  atm  overpressure  (  ik  psi).  In  smaller 
places  the  protection  level  shall  be  0.5  atm  overpressure.  As  part  of  the 
work  with  the  specifications  for  these  shelter  constructions,  test  series 
with  models  in  the  sceJ.e  1;5  have  been  performed.  Figure  21  shows  various 
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models  used  In  these  tests.  IQie  Investigation  has  Included  shelters 
with  roofs  supported  by  movintable  columns,  IHie  idea  is  that  in  peace 
time  the  columns  shall  be  taken  away  to  provide  more  effective  space. 

The  aim  of  the  tests  was  among  other  things  to  investigate  the  be¬ 
haviour  of  the  columns,  the  effects  of  various  reinforcements  in  the 
roof  slabs,  and  how  failure  develops. 

A  troop  shelter  of  corrugated  plate  has  been  tested  in  a  model 
scade  of  1:10  with  the  shock  tube  arranged  for  passing  blasts.  Figure 
22  shows  a  model  of  the  "Group  Helmet",  a  transportable  shelter  to  be 
dug  down  by  the  troop  to  get  radiation  and  blast  protection. 

The  list  of  shock  tube  applications  could  be  extended  further,  but 
as  one  last  example  I  would  like  only  to  mention  the  use  in  the  develop¬ 
ment  of  the  rapid-closing  air-intake  valves  for  high -qualified  big  under- 
groimd  shelters.  Biese  valves  close  in  a  few  milliseconds  end  let  only 
a  small  amount  of  impulse  come  throu^. 

CONCLUSION 

Shock  Tube  II,  1.5  m.  in  diameter,  is  not  the  biggest  one  with  re¬ 
spect  to  the  diameter  size,  but  as  feur  as  we  know  at  present  no  shock 
tube  capable  of  stronger  loadings  over  a  test  section  of  this  size  exists 
anywhere.  Nevertheless,  the  need  of  test  loadings  of  still  higher 
pressure,  say  70  atmospheres,  and  longer  duration,  say  2  seconds,  for 
the  solution  of  several  high-protection  problems  in  the  field  of  fortifi¬ 
cations,  has  directed  our  efforts  to  the  intricate  task  of  constructing 
a  new  blast  simulating  device  with  this  capability. 
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Figure  9,  Typical  Bl;=8t  Pressure-Time  Record 
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Figure  17.  Arriyal  Time  of  Second  Front 
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lbod«n  Doors  Tsstsd  in  Shook  Tuhs  U 


Flgor*  21.  Modala  of  Standard  Shaltara  for  Living  Blooka  Tiatod 
la  Shook  Tuba  U 
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VOLUME  DETONATION  IN  SHOCK  TUBES 


J.  Swatosh,  Jr. 

A.  Wiedemann 
Armour  Research  Foundation 


INTRODUCTION 

This  paper  concerns  Itself  with  a  relatively  new  method  of  arranging 
an  explosive  charge  In  shock  tubes  such  that  It  greatly  Increases  their 
present  capabilities.  Some  experiments  were  conducted  In  the  Air  Force's 
Two  and  Six-Foot  Diameter  Shock  Tubes  using  "volume  detonations”  and 
they  Indicated  substantial  Increases  In  overpressure  and  duration  at  the 
test  section  without  Increasing  the  strength  of  the  detonation  chaoiber  of 
the  shock  tube.  Tlie  results  of  these  experiments  plus  the  analytical 
analysis  made  Indicate  that  there  Is  a  hydrodynamic  correlation  between 
explosive  "volume  detonation"  and  con^ressed  gas-rupturing  dlaj^ragjn 
systems. 

The  detonation  of  an  explosive  charge  is  the  most  common  method 
of  generating  shock  waves  In  large  diameter  shock  tubes.  In  the  Air 
Force  six-foot  diameter  shock  tube  prlmacord  explosive  is  most  often 
used  because  it  is  safe  and  easy  to  handle  yet  highly  efficient.  Other 
methods  of  shock  wave  generation,  such  as  compressed  gas  or  explosive 
gas  mixtures  require  djaphra^  and/or  balloon-bag  systems.  These  systems, 
because  of  their  size,  require  elaborate  dla]^ragm  holding  and  rupturing 
mechanisms  as  well  as  extremely  large  pumps  to  handle  the  quantities  of 
gases  necessary  to  obtain  substeuitlal  shock  wave  overpressures.  These 
systems  are  at  best  conplex  and  time  consuming  to  operate  and  therefore 
do  not  lend  themselves  to  efficient  shock  tube  operation.  Explosive  gas 
mixtures  are  also  extremely  dangerous  when  handled  In  the  quantities 
necessary  for  large  diameter  shock  tubes. 

Currently,  the  prlmacord  charge  is  spirally  wound  on  a  vertical 
frame.  Figure  1.  The  frame  is  located  within  the  detonation  or  com¬ 
pression  chamber  of  the  shock  tube.  This  type  of  charge  arreuigement  is 
referred  to  as  a  pancake  or  plain  charge.  The  pressures  and  durations 


that  are  obtained  at  the  test  section  are  primarily  a  function  of  the 
distance  between  the  explosive  charge  and  the  test  section,  and  the 
amount  of  explosive  charge.  The  limitations  of  such  a  system  are  then 
determined  by  the  physical  size  and  strength  of  the  shock  tube.  Size 
or  the  length  of  the  shock  tube  limit  the  durations  which  can  be  obtained. 
When  the  distance  between  the  charge  and  the  test  section  is  Increased 
the  positive  wave  duration  increases  in  general  also.  TSiere  is  also  a 
restriction  on  the  length  of  shock  tube  required  downstream  of  the  test 
section.  This  length  determines  the  time  required  for  reflected  shock 
waves  to  reach  the  test  section  or  rarefaction  waves  in  the  case  of  open 
end  shock  tubes.  15ie  physical  strength  of  the  detonation  chamber  deter¬ 
mines  the  maximum  amount  of  explosive  \diich  can  setfely  be  detonated  and 
thus  a  limitation  is  put  on  the  maximum  pressures  which  are  obtainable 
at  the  test  section. 

^  placing  primacord  in  a  spiral  on  a  vertical  frame  within  the 
compression  section,  it  was  possible  to  produce  in  the  test  section 
peaked  pressure  waves  up  to  JO  psi  at  about  10  ms  duration  or  50  psi  at 
about  30  ms  and  5  psi  at  about  100  ms.  In  other  words,  for  these 
pressure  ranges  the  actual  blast  wave  for  a  I/6  XT  air  burst  is  duplicated 
in  the  test  section  of  the  shock  tube. 

A  method  of  expanding  the  capabilities  of  the  shock  tube  without  in¬ 
creasing  the  physical  strength  of  the  present  detonation  chamber  is 
investigated  in  this  paper.  How  can  one  place  additional  explosives  in 
the  detonation  chamber  so  as  not  to  impair  the  safety  of  the  shock  tube 
yet  Increase  the  pressure  in  the  test  section? 

^y  arranging  the  primacord  strands  parallel  to  the  longitudinal  axis 
of  the  shock  tube  one  obtains  a  "volume"  of  explosive.  In  this  configura¬ 
tion  considerably  more  primacord  ceua  be  placed  in  the  detonation  chamber 
and  still  not  exceed  the  maximum  wall  loeuis  per  unit  area.  When  a  pleuie 
charge  configuration  is  used  the  loads  eore  concentrated  in  a  single 
dlametrlcEa  plane.  In  a  volume  charge  the  loads  80%  distributed  over  the 
entire  volume  surface.  The  length  of  tube,  detonation  chamber,  which 
contains  the  "volume"  of  explosive  can  be  regarded  as  a  compressed  gas 
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compression  chamber  without  a  diaphragm.  The  burning  rate  of  prlmacord 
Is  relatively  fast  (20  ft/ms)  In  comparison  to  the  speed  of  sound  and 
the  speed  of  the  rarefaction  waves  In  the  detonation  phenomena.  !13ie 
exploding  prlmacord  may  then  be  treated  similarly  to  a  rupturing  dla]^ragm 
sytem,  l.e.,  Insteuitaneous  release  of  energy  creating  a  shock  phenomenon. 

KOMEHCLATURE 

The  following  Is  a  list  of  nomenclature  used  in  the  following  dis¬ 
cussions. 


a  .  density  ratio, 

“  -  V"! 

P .  explosive  energy  per  unit  mass,  20  x  10^  ft-lb/lb. 

Ci,Cj^. . . .  local  sound  velocity,  ft/ sec 

C  ,C  .specific  heat,  const,  vol.,  Btu/lb-°P. 

1  "^4  e  1 

C  ,C  ,C  ,C  ....specific  heat,  const,  press.,  Btu/lb-°P. 

Pi  P4  Pe  Pi 

7, 7', 7", . gas  mixture  constants,  see  equation  7 

K^,Kj^ . ratio  of  specific  heats  (C^/C^) 

. coiqpresslon  chamber  length,  ft. 

. distance  to  test  section,  ft. 

Pl,Pj^,Pe,Pi  pressure,  psia 

Q . energy  per  unit  volume,  ft-lb/ft^ 

Pl> P^,r  Pg» •  •  •  local  density,  lb/ f t^ 

R^,R^,R^ . universal  gas  constemts 

t^  . positive  wave  duration,  ms 

T^,Tj^ . ten^rature,  °R 

u^,Uj^ . partical  velocity,  ft/sec 

W^,W^ . wei^t 

Subscripts  designations  are: 

e .  e^qploslve 

1 .  Inerts 

1,2, 5, 4 .  flow  field 


e:q?losive 
Inerts 
flow  field 
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SHOCK  TUBE  EKFERIMERTS 


Volume  detonation  experiments  were  conducted  in  both  the  two  and 
six-foot  diameter  shock  tubes.  Tubular  pipe  frames  were  constructed  to 
slide  into  each  of  the  shock  tubes.  Primacord  was  taped  to  these  frames 
as  shown  in  Figures  2  and  3*  purpose  of  the  frames  were  to  distribute 

the  primacord  strands  as  evenly  as  possible  in  the  detonation  volume. 

Thus  making  the  air-charge  mixture  as  homogeneous  as  possible.  All  of 
the  strands  were  spidered  together  at  the  end.  In  this  configuration 
all  strands  were  simultaneously  Ignited  with  a  single  blasting  cap. 

The  explosive  chargee  were  placed  at  one  end  of  the  shock  tube  as 
shown  in  Figure  4.  Pressure  gages  were  located  in  the  walls  of  the  detona¬ 
tion  chamber  to  record  the  detonation  pressures,  iniej  were  also  placed 
at  various  locations  along  the  length  of  the  shock  tube  to  record  the 
overpressure  and  duration  of  the  shock  wave  traversing  the  tube. 

Several  different  charge  lengths  or  volume  lengths  were  shot, 
namely,  1.^=3* t  10’  and  20*.  These  were  fired  in  both  the  two  and  six-foot 
diameter  shock  tubes.  Several  different  size  charges  were  also  fired. 

The  size  or  quantity  of  explosive  used  was  measured  as  the  ratio  of  wel^t 
of  explosive,  W  ,  to  the  wel^t  of  air,  W  ,  in  the  compression  chamber. 

Thus  one  obtains  the  relatively  charge  density  o^W  /W  .  In  the  six  foot 
shock  tube  charge  densities  up  to  l/2  were  fired  and  in  the  two-foot  shock 
tube  charge  densities  Up  to  1  were  fired. 

The  results  of  these  experiments  are  shown  on  Figures  5  eujd  6. 

Figure  5  is  a  plot  of  peak  overpressure  in  the  shock  tube  as  a  function  of 
distance  from  the  cheurge.  Distance  from  the  charge  has  been  normalized 
in  terms  of  coiqpresslon  chamber  lengths.  Figure  6  is  a  plot  of  the  total 
positive  wave  duration  as  a  function  of  normalized  distance  from  the 
charge.  The  pressures  emd  durations  scale  with  as  one  would  expect. 

It  was  observed  from  the  records  obtained  that  the  wave  phenomenon 
was  very  slmlleu*  to  that  of  a  rupturing  diaphragm  system.  There  was  a 
flat  top  wave  until  rarefaction  waves  cau^t  up  with  the  shock  front  and 
then  a  peedced  wave  traversed  the  tube.  This  is  evidenced  on  Figure  5  by 
the  constant  pressure  up  till  »  J  L^.  At  =  5  the  rarefaction 
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waves  catch  up  to  the  flat  top  shock  front  and  attenuation  of  the  shock 
front  occurs.  As  this  peaked  wave  traverses  the  shock  tube  it  obviously 
•I  attenuates  too. 

The  duration  of  the  positive  phase  of  the  blast  waves  behaves  similar 
to  standard  diaphragm  systems  with  the  exception  of  the  apparent  independ- 
*  ence  on  charge  density.  The  positive  phase  duration  appears  to  depend 

only  on  the  length  of  compression  cheunber  or  charge  length.  The  positive 
phase  duration  is  shown  as  a  band  on  Figure  6.  This  was  done  because 
there  seemed  to  be  an  indiscriminant  scatter  of  data  points  following  this 
band.  In  general  the  duration  of  a  blast  wave  is  difficult  to  pinpoint. 

The  duration  data  procured  here  was  no  exception.  There  was  considerable 
scatter. 

One  can  readily  see  the  increased  capability  of  these  shock  tubes 
using  volume  charges.  Before,  it  was  only  possible  to  obtain  pressures 
to  70  psi  with  a  duration  of  10  ms.  With  a  volume  charge  10  ft  long 
(L^  =  10‘)  and  a  density  ratio  of  l/2,  (a  =  1/2)  one  obtains  a  pressure 
of  70  psi  with  a  duration  of  approximately  70  “s. 

Pressure  and  duration  can  be  measured  at  any  point  in  the  shock  tube, 
not  only  at  the  test  section  In  other  words,  the  detonation  chamber 
can  be  relocated  at  any  desired  distance  from  the  test  section.  For  any 
predesired  peak  pressure  and  duration  values  the  distance  between  the 
charge  and  test  section,  I^j,,  can  be  chosen,  see  Figure  4,  such  that  with 
the  proper  values  of  emd  o,  any  predesired  peak  pressure  and  duration 
can  be  obtained  within  the  limits  of  the  values  expressed  by  Figures  5 
and  6. 

CLOSED  B(X{B  EXPERIMENTS 

^  For  some  time  there  has  been  an  interest  in  even  higher  peak  pressures 

euid  durations  than  those  €J.ready  attainable  in  the  two-  and  six-  foot 
diameter  shock  tube  with  volume  detonations.  Seeded  megaton  detonations 
are  now  of  Interest  in  the  area  of  underground  protective  construction. 
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There  is  thus  a  need  to  still  further  increase  the  capabilities  of  these 
larger  shock  tubes.  To  compensate  this  need  some  experiments  were  conducted 
to  determine  what  pressures  or  charge  densities  are  required  in  the  detona¬ 
tion  chamber  to  produce  the  desired  shock  waves. 

These  experiments  were  conducted  utilizing  a  J-inch  diameter  x  24- 
inch  long  closed  bomb.  In  this  closed  bomb  charge  densities  up  to  a  =  4 
were  detonated.  Prom  previous  experience  the  maximum  charge  density 
that  the  present  six-foot  diameter  shock  tube  could  safety  contain  is  a  ==  l/2. 
Charge  densities  of  a  =  1  were  safely  detonated  in  the  two -foot  diameter 
shock  tube.  Without  strengthening  the  detonation  chambers  larger  chrjrges 
cannot  be  fired. 

Once  again  the  primacord  strsmds  ”ere  evenly  distributed  over  the 
length  of  the  closed  bomb  and  across  its  disuneter.  Pressure  sensors  were 
placed  in  the  walls  of  the  bomb  to  record  the  detonation  pressures.  The 
results  of  these  closed  bomb  experiments  plus  the  compression  pressures 
recorded  in  the  shock  tube  experiments  eare  plotted  on  Figure  J.  The 
average  pressure  Pj^,  is  plotted  as  a  function  of  the  charge  density  a . 

Bie  curve  shown  is  the  average  or  static  detonation  pressure  in  the  com¬ 
pression  chambers  and  closed  bomb.  It  should  br  noted  that  there  are 
local  variations  in  pressure  which  may  be  100  per  cent  greater  than  the 
average  pressure  shown  on  Figure  J.  These  high  pressures  are  the  result 
of  the  reflection  phenomenon  of  the  initial  shock  waves  produced  by  the 
detonation  of  the  primacord  strung  the  length  of  the  compression  chamber. 

Their  macnitudes  vary  depending  upon  the  location  of  the  primacord  strands 
with  respect  to  the  recording  gages.  They  are  also  of  very  short  duration. 

The  average  detonation  pressures  in  the  cosipression  chambers  of 
both  the  two-  and  six-foot  diameter  shock  tubes  were  identical  for 
similar  charge  densities  a* 

Upon  conparing  the  average  pressure  in  the  closed  bomb  with  the 
average  pressure  in  the  shock  tube  compression  chamber  it  was  observed 
that  the  closed  bomb  pressures  are  somewhat  lower  at  the  conparable 
charge  densities.  The  pressure  difference  has  not  been  plotted  in  Figure  7> 

94 


instead  the  average  or  best  fit  curve  is  shown.  The  difference  in  pressure 
can  be  attributed  to  several  factors.  First,  the  ratio  of  surface  area  to 
charge  density  is  much  greater  in  the  closed  bomb  as  compared  to  the  shock 
tubes.  More  energy  therefore  per  charge  is  being  lost  in  heat  conduction 
throu^  the  walls.  Secondly,  and  perhaps  the  most  important  is  the 
accuracy  with  which  one  can  read  the  shock  tube  records.  Since  the  bomb 
is  fairly  well  sealed  it  contains  the  pressure  longer  than  the  shock  tubes 
and  thus  one  is  able  to  determine  the  average  pressure  more  accurately, 
that  is  to  say,  one  has  a  longer  pressure  duration  with  which  to  determine 
the  average  pressure.  In  the  shock  tube  the  average  pressure  is  by 
coniparlson  quickly  relieved  and  it  is  difficult  to  determine  exactly 
what  is  the  average  pressure.  In  any  event  the  closed  bomb  experiments 
give  a  genered.  indication  of  the  magnitude  of  pressures  one  can  expect 
in  compression  chambers  with  the  detonation  of  larger  charge  densities. 

The  duration  of  the  average  pressure  in  the  shock  tube  compression 
chamber  is  dependent  upon  the  location  of  the  measuring  station  in  the 
con^iression  chamber.  It  also  Is  a  function  of  the  con^resslon  chamber 
length.  For  these  experiments  the  measurements  were  obtained  near  the 
closed  end  of  the  conpression  chamber  where  one  would  expect  the  duration 
to  be  longest. 

Utilizing  this  data  an  analytical  analysis  is  made  in  the  following 
section  to  determine  what  overpressures  can  be  expected  downstream  in 
the  shock  tube  from  these  larger  coispresslon  chamber  pressures. 

AHALY5IS 

After  the  detonation  of  an  explosive  charge  there  is  a  mixture  of 
gases  and  Inerts  in  the  vicinity  of  the  explosion.  Tne  gases  present 
are  conposed  primarily  of  the  air  originally  surrounding  the  explosive  and 
the  explosive  gases.  These  e3q>loslve  (primacord)  gases  are  chiefly 
Hg,  COg,  CO,  HgO,  CH|^,  Og,  OH,  HO,  H,  etc.  The  inerts  in  the  system  are 
from  the  explosive  wrapping  and  from  undetonated  explosive.  The  above 
then  are  the  elements  ^Ich  6U%  in  the  detonation  or  conpresslon 
chamber  of  the  shock  tube.  To  perform  a  chemical  analysis  of  the  actual 
physlccLl  properties  of  this  gaseous  mixture  would  be  a  very  difficult,  if 
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not  impossible,  task.  Therefore,  using  a  few  basic  assui^ptlons  plus 
e^qperlmentail  results  in  a  simplified  analysis  one  is  able  to  determine 
the  ratio  of  specific  heats,  local  sound  velocity,  shock  overpressure, 
partical  velocity,  etc.  Knowing  these  quantities  one  is  able  to  predict 
the  magnitude  of  the  shock  waves  developed. 

^e  following  assumptions  are  made  in  this  smeOysls.  First,  all  of 
the  energy  of  the  explosive  is  released  Instantaneously  upon  detonation. 
The  burning  rate  of  prlmacord  is  approximately  20  x  10^  ft/sec.  If  the 
conipresslon  chamber  is  20  feet  in  length  it  would  take  one  ms  for  the 
prlmacord  to  bum,  assuming  it  were  ignited  at  one  end.  It  would  take 
a  minimum  of  7  ob  for  sound  waves  to  travel  20  feet  in  the  same  medium. 
Secondly,  the  problem  will  be  treated  slmlllar  to  a  rupturing  diaphragm 
system.  This  assumption  follows  from  the  first.  Third,  the  energy 
losses  through  the  walls  in  tenns  of  heat  will  be  considered  negligible. 
Fourth,  the  air,  explosive  gases  and  inerts  cue  thoroughly  mixed  and 
considered  homogeneous. 

Ihe  basic  shock  tube  flow  problem  is  Illustrated  in  Figure  8.  The 
area  indicated  1  is  the  ambient  stream  (air)  in  front  of  the  shock  wave. 
TSie  area  indicated  2  is  the  flow  lamiediately  behind  the  shock  wave  and 
forwaid  of  the  Interface.  The  flow  directly  behind  the  Interface  and 
forward  of  the  initial  rear  facing  rcu«factlon  waves  is  indicated 
The  area  indicated  U  is  the  compression  chamber's  high  pressure  gas 
mixture.  The  peurtlcals  in  areas  1  and  4  cu:%  assumed  to  be  at  rest  (l.e., 
u^  3  s  O)  for  these  experiments. 

C(»IFRESSIQII  CHAHBHl  PRESSURE 

After  the  detonation  of  the  explosive  charge  in  the  compression 
chamber  the  energy  of  the  driver  gas  mixture  may  be  written  as  follows 

Q  =  P  Pg  (energy  per  unit  volume)  eq.  1 

or  in  terms  of  specific  heats 

p  pg  =  (Tj^  -  T^)(C^  +  C  Pg  +  p  )  eq.  2 

1  e  1 

Using  Doltan's  Law  of  Partial  Pressures  one  obtains  the  compression 
chamber  pressure 
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where  F  ,  F.  are  the  partleLL  pressures  of  the  edx,  ej^oslve  gases 

and  Inerts.  Assuming  the  gases  are  Ideal,-  using  the  perfect  ge»  law 
F  =  T  p  R  equation  3  can  be  written 

Fj^  =  (p^  +  Pe  \  ^1  ®1^  ^ 

The  change  In  pressure  across  the  Imaginary  diaphragm  Is  found  from 
equation  4  by  subtracting  F^  ‘ 


F|^  -  F^  =  (Tj^  -  T^)  p^  R^  +  Tj^  (Pg  Rg  +  p^  R^) 


eq.  5 


Substltu-^lng  the  testperature  teins  of  equation  2  Into  equation  3  and 
rearranging  the  terms  one  obtains 

r  ®e  ®ll 
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\  h 
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eq.  6 


eqs.  7 
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Assume  further  that  the  specific  heats  remain  constant  in  the  range  of 
charge  densities  considered.  Substituting  these  constemts  Into  equation 
6  one  obtains  eifter  simplifying 


^1 

f  p 

a 

[1  +.a  7'^ 

^1 

1  + 

ar'] 

+  a  7" 


eq,  8 


Equation  8  Is  an  analytical  expression  for  the  compression  chamber  pressure 
in  terms  of  the  charge  density  a.  All  of  the  constemts  are  knovm  frcan  the 
ambient  conditions  with  the  exception  of  7’  and  7".  These  two  unknowns 
represent  the  physical  properties  of  gaseous  mixture  In  the  compression 
chamber.  In  order  to  determine  the  magnitude  of  these  unknowns  eqviation 
8  was  curve  fitted  with  the  experimental  results  described  before.  Using 
a  trial  and  error  method  the  values  of  7*  and  7"  were  found  to  be 


7'  =  0.8 


and 

7"  =0.2 


eqs.  9 


Figure  7  is  a  comparison  of  the  actual  experimental  results  emd  equation 
8  using  the  vedues  of  7’  and  7”  shown  in  equations  9. 

COMPRESSION  CHAMBER  GAS  CONSTANT 


The  gas  constant  of  the  gaseous  mixture  In  the  compression  chamber, 
(i.e.,  Indicated  area  4  )  is  by  definition 


*'4=0 


P4 


Pt  C  +  p  C  +  p,  c 

1  Pi  ''e  p^  ^1  p^ 

p.  C  +"p  C  +  p .  c 

1  V,  ^e  V  '^i  V. 

lei 


eq.  10 


dividing  by  p^  C  and  simplifying 
^1 

C  C 

^e  ^1 

K  +a^+a7s-^ 

^1  ""l 

=  - i - L_ 

1  +  a  7' 


eq.  11 
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if  =  C  and  R  =  equations  7  can  be  slnqpllfled  to 

^e  ® 


7'  =  +  7) 


eqs.  12 


and 


.  R 

•\j  e 


7  = 


Making  these  substitutions  In  equation  11  and  sinqpllfying 


+a  7'  [i  +  ^ 

Kj^  (i  +07’) 


eq.  13 


Equation  13  Is  plotted  on  figure  9*  It  should  be  noted  that  the  limiting 
values  of  Kj^  are  1.4  when  a  =  0  (i.e.,  no  explosive)  and  1.1  cus  a  — ^  oo. 

SfEED  CF  SOUND  IW  COMPRESSIQW  CHAMBER 

The  con^resslon  chamber  sound  velocity  Is  found  using  the  equation 
of  a  perfect  gas. 

2  ^4  ^4 

C4  =  K4  \  ^4  =  ^ 


or 


2  K4P4 


K4P4 


Pi  ^  Pe  Pi 


Ql  +  a  (1  +  7)] 


dividing  by  and  rearranging  term 

fi  1  1  ® 

Cl  "  ^  1  +  a  (I+7; 


eq  .14 
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By  actually  measuring  the  weight  of  the  prlmanord  wrapping  It  was  found 
to  be  approximately  10^  of  the  total  weight  of  the  prlmacord  prior  to 
detonation. 


After  detonation  one  would  expect  the  weight  to  be  even  less  because  of 


the  burning  process.  The  term  y  -  —  therefore  Is  a  very  small  quantity. 


After  dropping  the  y  term  equation  14  beccnes. 


K4P1, 


1 

5 


eq.  15 


Equation  15  Is  plotted  on  Figure  9  also. 

SHOCK  FROMT  PRESSURE 

Knowing  the  values  of  and  In  the  compression  chamiber  one  can 
readily  con^te  the  shock  front  pressure  from  the  classic  equation  below. 


where 


"  1) 


2K|^ 


eq.  16 


^*1  ■  -  1 

p 

Equation  16  has  a  con^lex  algebraic  form  and  an  explicit  solution  for  ^ 

^1 

has  not  been  obtained.  One  can,  however,  plot  equation  I6  and  obtain 
curves  holding  a  ■  constant.  It  should  be  noted  from  equations  6,  13 
emd  15  tliat  Pj^,  euid  are  euLl  functions  of  a.  Holding  a  constant 

one  must  curve  fit  equation  I6  to  find  the  explicit  value  of  Pg  which 
satisfies  equation  I6. 
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The  results  of  equation  l6  are  plotted  on  Figure  10.  At  the  lower 
values  of  charge  density  the  analytical  expression  agrees  rather  well 
with  the  experimental  results.  At  higher  charge  densities  or  at  larger 
values  of  ccmpresslon  chamber  pressure  the  analytical  and  experimental 
curves  diverge.  The  authors  are  of  the  opinion  that  In  the  lower  range 
of  compression  chamber  pressures^  where  the  agreement  Is  best,  the 
experimental  results  are  good.  At  the  higher  pressure,  however,  only  a 
few  data  points  were  available  and  could  be  In  error.  The  experimental 
curve  also  has  a  curvature  which  Is  cantreury  to  the  phenomenon.  It  Is, 
therefore  sxiggested  that  the  theoretlced.  prediction  Is  probably  not  as 
contreuy  as  Figure  10  suggests. 
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Fig,  1  PANCAKE  CHARGF 
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HIGH  PRESSURE  LOADING  DEVICE  FOR  EVALUATING 


BLAST  CLOSURE  PERFORMANCE 

A.  H.  Wledermann 
Armour  Research  Foundation 


ABSTRACT 

This  paper  describes  the  performance  of  a  loading  device  which  is 
capable  of  simulating  the  hi^  pressure  transient  loads  acting  on 
blast  closures  for  superhard  facilities.  The  device  utilizes  the 
’’volume  detonation"  concept,  together  with  a  control  orifice  to  vary 
the  pressure  decay.  The  response  of  the  blast  closure  influences 
the  pressure  decay,  hence  the  equations  which  govern  the  gas -dynamic 
system  are  coupled  to  the  equations  which  govern  the  motion  of  the 
v^lve  head. 

The  theoretical  performance  of  this  loading  device  is  compared 
with  the  actual  performance  which  was  observed  during  an  evaluation 
of  the  performance  of  a  24- inch  blast  closure  for  hardened  Minubeman 
facilities. 

INTRODUCTION 

Hardened  underground  facilities  require  fresh  air  for  personnel  and 
equipment  purposes.  Thus,  the  air  handling  systems  of  these  facilities 
are  connected  to  the  ground  surface  by  a  number  of  intake  euid  exhaust  ducts. 
These  ducts  are  provided  with  blast  valves  for  the  purpose  of  sealing  off 
the  facility  from  the  atmosphere  under  nuclear  attack  conditions.  As  a 
necessary  step  in  insuring  that  this  countries  retaliatory  capability 
does  indeed  exist,  it  is  essential  that  these  blast  valves  or  closures 
be  evaluated  under  simulated  attack  conditions. 

The  Air  Force  6-foot  shock  tube  has  been  used  to  proof -test  proto¬ 
type  blast  valves  for  the  Atlas  and  Titan  II  facilities  under  simulated 
conditions.  The  maximum  load  on  the  valve  head  were  of  the  order  of 
several  hundred  pounds  per  square  inch.  The  strength  of  the  large  shock 
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tube  does  not  permit  Its  use  as  a  loading  device  for  blast  valves  which 
require  peak  loads  in  excess  of  approximately  500  psi. 

The  requirements  for  the  Minuteman  facilities  results  in  peak  loads 
on  some  of  its  blast  valves  which  are  in  excess  of  this  value.  Therefore 
another  device  or  technique  had  to  be  developed  so  that  these  valves 
could  be  tested. . 

Recent  experiments  at  the  Air  Force  Shock  Tube  Laboratory  on  close 
bomb  systems  Indicate  that  suddenly  applied  loads  of  the  order  of  1000 
psi  can  be  achieved  by  detonating  explosives  (primacord)  in  a  closed 
volume.  The  magnitude  of  the  pressure  depends  upon  the  queuitity  of 
explosive,  per  unit  volume.  The  pressure  is  relatively  uniform  throu^- 
out  the  volume  since  the  explosive  is  distributed  throughout  the  volume. 
The  time  decay  of  the  pressure  can  be  controlled  in  part,  by  allowing  the 
gas  to  leak  out  of  the  detonation  chamber  through  suitable  orifices. 

It  is  the  prupose  of  this  paper  to  describe  the  performance  of  a 
loading  device  which  is  capable  of  simulating  the  high  pressure  transient 
loads  which  act  on  blast  valves  for  superhard  facilities. 

DESCRIPTION  OF  THE  LOADING  DEVICE 

The  loading  device  consists  physically  of  a  detonation  chamber,  that 
is  a  heavy  cylindrical  tube,  which  is  connected  to  the  blast  valve.  An 
orfice  plate  or  fleuige  seals  off  the  other  end  of  the  detonation  chamber. 
Slide  1  presents  a  schematic  diagram  of  the  loading  device.  'Diis  paper 
deals  with  blast  valves  which  consist  of  a  treuislating  mass  of  piston  as 
the  sealing  mechanism.  The  application  of  the  high  pressure  load  on  the 
veilve  head  sets  the  head  in  motion.  The  motion  of  the  head  is  largely 
controlled  by  inertia  effects,  at  least  during  the  port  closing  phase 
of  the  motion.  The  moving  mass  is  then  arrested  by  some  means  and  the 
valve  seals  off  the  underground  facility  from  the  atmosphere.  The  valve 
is  characterized  by  its  mass,  M,  and  its  projected  area,  A.  The  motion 
of  the  valve  head  Increases  the  volume  of  the  system  and  depending  upon 
the  magnitude  of  the  increased  volume,  may  influence  significantly,  the 
load  on  the  valve  heeid.  This  coupling  effect  will  be  discussed  in 
detail  in  this  paper. 


115 


The  "volume  detonation"  technique  which  was  discussed  in  some  detail 
in  the  previous  paper  was  used  as  the  method  of  generating  the  InltleLL 

hi^  pressure  conditions  in  the  pressure  vessel.  A  j' -escribed  amount 
of  explosive  (primacord)  is  distributed  fairly  unifor:  ly  over  the  volume 
of  the  pressure  vessel  and  then  detonated.  The  dependence  of  the  magni¬ 
tude  of  the  initial  pressure  after  detonation,  upon  the  relative 
explosive  density,  a,  (the  ratio  of  the  weight  of  explosive  to  the  weight 
of  air)  is  given  in  Slide  2.  The  curve  represents  average  values  since 
these  types  of  explosive  systems  possess  inherently  poor  reproducibility 
characteristics.  The  maximum  over  shot  observed  in  this  system  has 
been  approximately  100  per  cent  of  the  mean  pressure  (Pq)* 

It  is  desirable  to  minimize  the  size  of  the  detonation  volume,  since 
the  quantity  of  explosive  needed,  for  a  given  peak  load,  is  proportional 
to  the  size,  and  since  the  hazard  involved  in  conducting  such  an  ex¬ 
periment  Increases  with  the  quantity  of  explosive  needed.  Furthermore 
the  cost  of  a  pressure  vessel  increases  quite  rapidly  with  the  size  of 
the  vessel. 

The  device  which  is  proposed  here  is  only  one  of  a  number  of  systems 
which  could  be  used.  The  explosive  system  could  be  eliminated  sub¬ 
stituting  a  "shot-start"  system  in  which  the  peak  load  is  applied  slowly 
by  the  use  of  compressed  gas  and  in  which  the  valve  motion  is  restrained 
until  the  proper  time.  This  type  of  system  would  require  elaborate  seals 
between  the  valve  head  and  the  valve  body. .  The  proposed  system  has  the 
advantage  of  being  simple  as  well  as  siUowing  other  features  of  the  valves 
performance,  such  as  the  transient  "blow-by"  or  leakage  pressures  to  be 
observed. 

^e  design  load  which  acts  on  the  blast  valve  is  normally  determined 
by  scaled  shock  tube  experiments  on  the  duct  systems  used  in  these  hcu?dened 
facilities.  These  loads  are  generally  characterized  by  a  suddenly  applied 
load  which  is  due  to  the  reflection  of  the  shock  wave  which  enters  the 
duct  system.  Kie  load  then  decays  quite  rapidly  due  to  local  diffrswition 
effects  and  then  remains  relatively  constant.  The  degree  of  simulation 
of  this  load  needed  in  evaluating  the  perfomance  of  a  blast  valve  depends 


upon  the  specific  requirements  of  the  program,  however,  it  is  generally 
excepted  that  if  the  peak  load  and  the  Impulse,  at  the  time  of  veLLve  port 
closure,  is  conserved,  then  adequate  simulation  exist.  Thus  only  a 
single  orifice  is  needed  to  provide  for  the  pressure  decay  in  the  detona¬ 
tion  chamber.  More  elaborate  pressure  time  variations  could  be  obtained 
by  providing  a  series  of  time  dependent  orifices,  however,  this  additional 
complexity  is  generally  not  required. 

THEORETICAL  PERFORMANCE 

The  following  paragraphs  summarize  an  analysis  of  the  gas  dynamic 
system  which  is  proposed.  This  analysis  is  necessary  in  order  to  size 
the  experimental  apparatus  and  takes  into  consideration  the  effects  of  the 
pressure  decay  due  to  the  valve  head  motion,  and  the  gas  leedcage  through 
the  valve  and  control  orifices. 

The  analysis  is  of  a  quasi-steady  type  and  assumes  that  the  flow 
through  the  orifice  is  choked.  15iis  requires  that  the  absolute  pressure, 
P,  in  the  chamber  be  greater  than  a  critical  amount,  viz. 

Llii  ^  ^  (9r  1.8  for  1e=1.2) 

^oo  L  ^  -J 

where 

t  =  time 

p  =  ambient  air  pressure 
oo 

k  =  ratio  of  specific  heat 

During  the  time  of  Interest  the  pressure  will  be  considerably  greater 
than  this  critical  amount.  ISie  quasi-steady  emalysis  is  valid  if  the 
interval  of  time  for  a  significant  change  of  the  pressure  is  much  greater 
than  the  transient  time  of  a  sound  signal  in  the  chamber.  Thus  no 
pressure  gradients  will  be  set  up  in  the  chamber.  In  the  system  ^Ich  was 
tested  a  slight  (about  5  per  cent)  pressure  gradient  was  observed,  at 
least  for  the  fast  decay  rates.  The  minimum  closing  time  was  of  the  order 
of  10  milliseconds. 
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The  analysis  Is  based  upon  the  assumption  that  the  expansion  process 
of  the  gas  In  the  chamber  Is  Isentroplc,  and  that  the  gas  Is  a  perfect 
gas.  Hence,  by  applying  the  equations  of  motion  of  the  valve  heeui 
(assuming  that  the  Inertia  force  Is  the  only  retarding  force)  and  the 
mass  flow  equation  for  a  choked  orifice,  one  obtains  the  following  set 
of  equations. 


r-f  ^ 

m 

^o 

Lk+ij 

V  +  xA 

0 

k<-l 

2 


P  C  A 
0  0  0 


(2) 


d  X  AP  (t) 
dt2“  M 


(5) 

(k) 


P  =  pRT 


(5) 


where : 

m  =  mass  of  gas  In  chamber 

P^  =  Initial  density  (after  detonation) 

P  =  density 

c^  =  Initial  sound  velocity 

A  =  area  of  orifice 
o 

X  =  displacement  of  valve  head 

A  =  area  of  valve  head 

P^  =  Initial  pressure  (absolute) 

R  =  gas  constant 

T  =  absolute  temperature 

V  =  Volume  of  detonation  chamber 


In  dimensionless  form  the  variables  become: 


T  = 


tc  A 
o  o 
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where:  m  =  Initial  mass  of  gas  In  chamber 
o 

Equations  (2),  (5)  and  become 


(6) 


II 

(7) 

(8) 

-N* 

(9) 

where 

.  fp  ll/2  (k+1) 

(10) 

h= 

2  k 

The  Inltlsd  conditions  are: 

(11) 

H  (0)  =  1 

C  (0)  =  0 

ac  (0)  =  0 

(12) 

dt 


(0)  =  1 
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It  will  be  informative  to  examine  two  limiting  cases  before  investi¬ 
gating  the  general  solution.  These  limiting  cases  are:  (l)  the  case  when 
the  increase  in  volume  due  to  the  valve  motion  is  negligible  (  ^  =0)  and 
(2)  the  case  where  there  is  no  gas  leakage  (A^  =0). 

The  solution  for  the  first  case  is  readily  obtained  by  integrating 
equation  (7),  hence, 

-  2k 

i  . 

This  equation  is  presented  in  Slide  5  (for  k  =  1.2)  and  it  should  be 
noted  that  the  nature  of  the  pressure  decay  is  very  similsu*  to  that  of 
the  surface  blast  wave.  The  decay  rate  can  be  controlled  by  varying 
either  or  (c^  being  fixed  by  the  relative  explosive  density,  a). 

The  solution  for  the  second  case  cannot  be  obtained  readily  in  an 
explicit  form,  however,  by  the  combination  of  analyticel  and  numerical 
integration  one  obtains  the  results  which  are  plotted  in  Slide  4  (k  = 

1.2).  In  performing  the  numerical  integration  the  value  of  the  inte¬ 
grand  becomes  infinite  at  the  limit  point  (  t  =  O)  and  hence  a  linearized 
solution  for  (l  -  |)z^l  was  obtained,  viz. 

(1  -  5)  fl  *  J^)  (1  -  S  )J  (14) 

This  equation  is  reasonably  accurate  for  g  ^  0.9.  The  pressure  decay  for 
this  case  does  not  correspond  too  well  with  the  pressure  decay  of  the 
surface  blast  wave.  This  is  due  to  the  fact  that  the  Increase  in  volume 
at  early  times  is  very  small  (i.e.,  the  valve  heeui  velocity  is  initially 
zero) .  The  decay  rate  can  only  be  controlled  by  varying  the  volume  of 
the  chamber;  all  the  remaining  parameters  are  fixed. 


The  general  solution  for  the  coupled  equations  ceuinot  be  reeidily 
obtained  analytically,  however  a  linearized  or  approximate  solution  for 
early  times  can  be  obtained  in  closed  form,  viz. 


1=1- 


It  +  ^  Jk  -  k^ 


(15) 


/ 


f 
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This  approximate  solution  Is  presented  In  Slide  ^  (k*  =  1.2)  together 

2 

with  the  exact  solution  for  the  case  p  =  0.  The  accuracy  of  this  equation 
Is  sufficient  for  the  proposed  purposes  over  the  range  of  the  vau'lables 
presented  In  this  slide  and  will  permit  the  selection  of  the  vEilues  of  the 
X>araoeters  for  the  test  apparatus. 

To  obtain  the  general  solution^  It  Is  necessary  to  Integrate  the 
equation  numerically.  Kie  following  difference  ecpiatlons  were  used  for 
this  calculation. 


The  results  are  presented  In  Slide  6  for  k  =  1.2. 


(16) 


It  Is  of  Interest  to  examine  the  theoretlcel  performance  of  this 
type  of  device  euid  to  determine  the  sensitivity  of  the  solution  to  certain 
parameters.  The  veuLue  of  these  parameters,  such  as  k  and  c^,  may  not 
be  known  very  accurately.  Additional  calculations  were  made  to  illustrate 
this  sensitivity  and  eure  presented  In  Slide  7*  An  examination  of  the 
predicted  Initial  conditions  from  the  volume  detonation  technique  (Slide  2) 
shows  that  the  value  of  k,  at  least  at  hi^  pressure,  is  reasonably  well 
determined.  An  error  of  less  than  five  per  cent  should  be  expected  due 
to  the  variance  of  the  ratio  of  specific  heats.  The  value  of  the 
Inltled  (erfter  detonation)  sound  velocity  is  probably  not  known  to  better 
them  10  per  cent.  The  initial  sound  velocity,  c^,  is  a  proportionality 
factor  in  the  time  (t)  scale,  hence  one  cannot  expect  a  prediction  to  be 
much  better  them  10  per  cent. 
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EXPERIMENTAL  RESULTS 


Experiments  were  performed  in  a  device  \rtiich  was  constructed  to 
evaluate  the  perfoimeuice  of  a  blast  valve  which  was  being  designed  for 
use  in  a  hardened  Minuteman  Facility.  A  chamber  volume  of  approximately 
five  cubic  feet  was  used  and  pressures  were  measured  at  several  positions 
along  the  side  of  the  detonation  chamber.  A  typlceil  pressure  time  record 
is  illustrated  by  the  lower-trace  in  Slide  8.  !nie  characteristic 
overshoot  and  subsequent  high  frequency  pressure  oscillations  due  to  the 
volume  detonation  techniques  are  shown.  13ie  leurge  area  of  the  valve 
head  is  subjected  to  these  high  frequency  pressure  oscillations,  but  in 
a  random  spaclal  manner,  so  that  the  total  applied  load,  6ifter  the  initial 
discontinuity,  is  smooth  and  monotonously  decreasing  with  time. 

nie  analysis  was  performed  in  order  that  the  loading  device  could 

be  designed  and  some  measure  of  its  performance  could  be  estimated,  nie 

majority  of  the  experiments  were  conducted  with  initial  conditions  ^Ich 

2 

resulted  in  a  valve  of  the  parameter  p  beginning  in  the  range  of 
approximately  0.5  to  1.  Hence  the  experiments  irtiich  were  performed  are 
limited  as  a  means  for  evaluating  the  corrections  of  the  aixsQysls  over 
the  entire  range  of  the  psurameter.  Ibe  lower  trace  in  Slides  9  and  10 
presents  a  compeurlson  of  the  predicted  and  observed  pressure  time  varia¬ 
tion.  In  each  case  the  agreement  is  good,  perhaps  somewhat  better  them 
should  be  expected  considering  the  uncertainty  in  some  of  initial  condi¬ 
tions.  Ibe  time  scale  in  these  slides  is  5  milliseconds  per  major  division. 
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lECHinQUBS  FOR  PRODUCING  LGRG-DUIttlTIOR  LOADS 
IN  OHE  NOEL  BLAST  SIMUIATQR 


Stanley  K.  TeOEetbashl 
Warren  A.  Sbav 

U.  S.  Naval  Civil  Engineering  Laboratory 


ABSmOT 

Over  400  blast  load  tests  using  e3q>loslves  have  been  performed  in 
the  blast  simulator  vhlch  is  located  at  the  U.  S.  Naval  Civil  Engineer¬ 
ing  Laboratory,  Port  Hueneme,  California.  Tbe  basic  esgploslve  charge 
has  consisted  of  Prlmacord,  nitrocellulose  film,  and  Ccaqpositlon  C4, 
vhlch  are  detonated  by  blasting  caps.  With  this  charge,  the  initial 
rate  of  decay  of  the  pressure-time  curve  has  been  impossible  to  control 
due  to  heat  loss  from  the  gas  to  the  simulator. 

Ntanerous  tests  using  additional  explosive  material  have  been  con¬ 
ducted  to  overcome  the  effects  of  heat  transfer  and  to  provide  better 
control  over  the  initial  decay  in  the  blast  pressure.  Successful 
results  were  obtained  using  X-12,  a  hl^-energy  solid  propellant  de¬ 
veloped  by  the  U.  S.  Naval  Ordnance  Test  Station,  China  lake,  California. 
Ibis  propellant  was  tested  with  the  explosive  charge.  !Die  results  showed 
a  definite  decrease  of  the  Ixiltlal  decay  of  the  pressure-time  function. 

INTRODUCTION 

Purpose 

Ibe  purpose  of  this  paper  is  to  discuss  several  approaches  used  to 
delay  the  initial  decay  of  the  pressure-time  curve  obtained  in  the  blast 
simulator. 

Background 

For  neeurly  three  years  the  U.  8.  Naval  Civil  Engineering  laboratory 
(NCEL),  Port  Hueneme,  California,  has  been  operating  a  blast  simulator^  *  , 
Figure  1.  The  simulator  is  used  to  subject  various  test  specimens  to  a 


*  Superscripts  refer  to  items  in  the  list  of  references. 
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unlfoimly  distributed  pressure  that  decays  with  time.  Specimens  tested 
thus  far  In  the  simulator  have  Inclxided  reinforced  concrete  beams  vtth 
simple  and  fixed  ends,  aluminum  beams -with  fixed  ends,  steel  porte^-fraiae 
knee  connections,  steel  beam-column  connections,  steel  frames,  blast 
closujre  valves,  sand  filters,  two-  and  three-dimensional  model  arches 
burled  In  sand,  electrical  condulet  seals,  and  prestressed  concrete  beams. 

!Ihe  unlfoimly  distributed  pressure  In  the  simulator  Is  obtained 
by  the  detonation  of  Prlmacord  vlthin  a  closed  container,  one  surface 
of  vhlch  Is  supplied  by  the  test  specimen.  Actually,  the  Prlmacord  Is 
detonated  Inside  a  6-lnch-dlaffleter  firing  tube  19  feet  long,  lihree 
thousauid  l/4-lnch-dlaaieter  holes  are  distributed  along  the  length  of 
the  tube.  IMs  firing  tube,  vhlch  serves  as  a  throttling  valve.  Is 
concentric  vlth  the  main  explosion  chaaiber.  Figure  2.  Firing  tubes  of 
different  orifice  area  may  be  \ised  to  provide  rise-times  to  peaik  pressure 
In  the  main  chamber  from  0.5  to  5.0  milliseconds. 

Once  the  peak  pressure.li  obtained,  the  pressiure  decay  may  be  regulated 
vlthin  certain  limits  by  the  use  of  22  qplck-openlng  solenoid  valves. 

These  valves  are  noxnadly  opened  In  three  groups  to  achieve  the  proper 
decay  to  the  pressure-time  coirve.  Figure  5*  The  operation  of  the  valves 
Is  controlled  by  mechanical,  cams,  and  the  proper  timing  of  tiie  (qpenlng 
of  the  valves  Is  set  vlth  a  chronoscope. 

As  can  be  seen  In  Figure  5,  pressure  decay  begins  aus  soon  as  the 
peaJc  values  of  pressure  are  reaudied.  IMs  Is  caused  by  the  radiative 
heat  transfer  from  the  hot  gases  as  they  come  into  contact  vlth  the 
simulator.  Thus,  the  Initial,  decay  of  the  pressure-time  cuzve  Is  not 
subject  to  control  by  the  solenoid  valves  and  there  Is  an  upper  limit 
to  the  effective  duration  of  the  pressure  curve  vhlch  can  be  achieved. 

The  effective  load  duration  may  be  determined  by  extending  the  straight 
line  vhlch  represents  the  average  pressure-time  curve  up  to  the  time  of 
the  maxlmimi  structural  response  until  it  Intercepts  the  time  axis. 


*  The  properties  of  Prlmacord,  as  veil  as  other  explosive  material 
discussed  In  this  paper,  are  summarised  in  the  Appendix. 


In  order  to  achieve  the  meucimm  dynamic  response  from  a  given 
structural  member,  a  step  pulse  should  be  applied.  However,  for 
practical  purposes,  the  response  of  a  member  Is  not  decreased  appreci¬ 
ably  If  the  effective  load  duration  Is  greater  than  elg^t  times  the 
natural  period  of  the  member'  *  ’ .  For  some  of  the  tests,  the  effective 
simulator  load  duration  was  less  than  el£^t  times  the  natural  period  of 
the  member,  therefore.  It  became  desirable  to  find  a  means  of  controlling 
the  Initial  decay  of  the  pressure-time  c\irve  In  order  to  obtain  a  longer 
effective  loaid  duration. 

Approaches  to  the  Problem 

As  mentioned  previously,  the  Initial  decay  In  pressure  Is  caused 
by  the  cooling  of  the  hot  gases  aresultlng  from  the  e^gploslon  as  they 
contact  the  simulator.  Two  general  methods  have  been  considered  for 
preventing  or  delaying  the  Initial  decay  of  the  pressure:  (l)  Introducing 
additions^  hot  gases  Into  the  slatulator,  and  (2)  Introducing  additional 
pressure  at  the  appropriate  time.  Of  course,  the  rapid  cooling  of  the 
gases  would  be  prevented  If  the  simulator  were  Initially  at  the  same 
temperature  as  the  gases.  However,  since  the  gases  In  the  simulator  sure 
at  temperatures  of  severed,  hundred  degrees  Fhhreishelt  and  since  the 
simulator  consists  of  eame  twenty  tons  of  steel,  this  approach  can  be 
Imnedlately  discarded  as  extremely  Ispractlcal.  IDie  other  two  approaches 
appeared  to  offer  a  feasible  solution: 

1.  Introducing  additional  hot  gases:  !nils  approach  considered 
Installing  a  gas  generator  In  place  of  one  of  the  qtilck- 
openlng  valves-  Ebcploslve  and  conibustlble  material  lnstedJ.ed 
In  the  generator  would  serve  as  a  source  of  heat  which  would 
Inject  additional  hot  gases  Into  the  main  simulator  chamber, 
thereby  overcoming  the  loss  of  heat  to  the  simulator. 

2.  Introducing  additional  pressure  Into  the  simulator:  IMs 
approach  considered  the  use  of  additional  esgploslves  along 
with  the  ejcploslves  noxmally  used  In  the  simulator.  !Die 


objective  would  be  to  find  an  escploslve  materiel,  which 
would  provide  pressure  a  few  milliseconds  after  the  beislc 
explosive  charge  reached  Its  peeUc  pressure. 

EXPERIMENTAL  TESTS  AND  RESULTS 

Development  of  the  Basic  Explosive  Cheurge 

!Ihe  design  of  the  blast  simulator.  Including  the  development  of 
the  basic  explosive  charge,  was  acconpUshed  by  contract  with  NOEL' 

As  a  result  of  numerous  tests.  It  was  detemlned  that  the  detonation  of 
PETN  would  provide  satisfactory  pressure  conditions  in  the  simulator. 

PEUJ  is  readily  available  In  the  form  of  Prlmacord,  a  detonating  fuse 
In  which  a  cover  of  polyethylene  and  a  case  of  cotton  or  rayon  surround 
the  explosive  core.  Ihe  applicability  of  Prlmacord  was  particularly 
fortunate,  since  Prlmacord  cannot  be  detonated  by  ordinary  means;  l.e., 
by  dropping,  biumlng,  electrical  current,  or  radio  transmission  signals. 
Ihls  simplified  the  storage  requirement  and  handling  procedures,  blb  well 
as  reduced  the  possibility  of  accidental  detcxaatlon. 

Prlmacord  can  be  detonated  by  means  of  blasting  caps.  For  more 
positive  detonation,  a  small  amount  of  Cooposltlon  C4  (a  plastic  es^loslve) 
Is  placed  between  the  Prlmacord  and  the  blasting  cap.  The  location  of 
the  explosives  In  the  simulator  Is  Indicated  in  Figure  2.  TVo  No.  6 
Engineer's  Bpeclal  blasting  caps,  one  at  each  end  of  the  simulator,  are 
used  for  detonation. 

It  was  also  demonstrated  In  early  calibration  tests  that  the  addition 
of  nitrocellulose  film  was  helpful  by  contributing  etddltlonal  gas  at  a 
lower  temperature,  which  aids  In  reducing  the  deposit  of  carbon  In  the 
simulator. 

Use  of  the  Gas  Generator 

The  Initial  e:q>erlmental  attempt  to  decrease  the  effect  of  gas 
cooling  In  contact  with  the  simulator  used  a  gas  generator,  Figure  4. 

The  generator  was  Installed  In  place  of  one  of  the  quick-opening  valves. 


Hot  gases  were  created  in  the  generator  by  the  burning  of  nitrocelliilose 
film,  which  was  ignited  by  aji  igniter  assembly  (Figure  consisting  of 
a  mixture  of  black  powder  and  magnesium  powder  placed,  together  with  a 
No.  1  squib,  in  a  bag  formed  of  polyethylene  sheet.  The  squib  was  deto¬ 
nated  by  means  of  a  spark  from  a  heavy-duty  spark  plug.  The  amount  of 
nitrocellulose  film  to  use  was  to  be  determined  experimentally.  The 
time  lag  before  gas  is  delivered  at  the  full  rate  would  be  about  50 
milliseconds:  however,  the  gas  generator  ignition  could  be  controlled 
by  the  overall  firing  system  in  order  to  achieve  proper  timing  of  the 
gas  delivery  to  the  simulator. 

Numerous  tests  with  varying  amounts  of  nitrocellulose  film  and 
different  times  of  ignition  were  performed.  The  results  were  uniformly 
disappointing.  The  addition  of  gas  into  the  simulator  did  not  have  the 
desired  effect  of  maintaining  the  pressure  in  the  early  stages  of  the 
decay.  In  none  of  the  tests  was  the  pressure  increased  at  any  time  over 
the  basic  ciirve  without  use  of  the  gas  generator.  In  fact,  the  addition 
of  hot  gases  produced  the  opposite  effect,  resulting  in  a  pressure  curve 
that  decayed  at  a  faster  rate  than  when  the  basic  charge  was  used  by 
itself.  One  possible  explanation  of  this  phenomena  may  be  that  the 
extra  turbulence  created  by  the  gas  flow  from  the  generator  into  the 
simulator  may  actually  have  served  in  bringing  more  of  the  hot  gases  into 
contact  with  the  simiilator,  thereby  resulting  in  a  more  mpid  cooling  of 
the  gas  mixture. 

Because  of  the  negative  results,  further  investigation  of  this 
approach  was  not  warranted. 

Use  of  Additional  Explosives 

Since  the  corabustibLo  matoclaJ.  in  the  gas  generator  was  unable  to 
provide  the  dei'.lx’ed  results,  t)ic  possibility  of  using  additional  explosive 
raatc’rial  was  cons.ide'^ed.  A  material  which  would  reach  a  peak  pressure  in 
to  ')  milliseconds  v/as  desired.  Scientists  at  the  U.  S.  Naval  Ordnance 
Test  Station  (NOTS),  China  Lake,  California,  were  consulted.  It  was 


decided  to  try  high-energy  X-1?,  a  rocket  propellant  developed  at  NOTS, 
in  addition  to  the  basic  explosive  charge.  The  X-12  propellant  has 
special  properties  which  make  its  use  desirable:  the  burning  rate  is 
independent  of  pressiire  and  temperature  over  a  limited  variation  of 
these  parameters,  and  the  propellant  is  relatively  insensitive  to  shock. 

There  were  two  major  problems  concerned  in  using  X-12: 

1.  The  detonation  of  Primacord  might  initiate  a  high-order  deto¬ 
nation  of  the  propellant.  This  would  result  in  the  release  of 
energy  in  a  fraction  of  a  millisecond  and  would  provide  con¬ 
siderably  higher  pressures  than  desired. 

2.  The  propellant  might  fractiire  under  the  action  of  the  shock  wave. 

If  the  fracture  were  excessive,  the  additional  surface  area  would 
enable  the  propellant  to  bum  at  a  more  rapid  rate.  This  would 
provide  erratic  pressure  conditions. 

It  was  highly  desirable  to  explore  the  possibility  of  either  of 
these  two  sitixations  occurring.  Personnel  at  NOTS  were  therefore  requested 
to  perform  tests  which  would  provide  infonnation  relative  to  these 
problems.  Since  the  shock  wave  from  the  detonation  of  Primacord  is  more 
or  less  independent  of  the  confining  vessel,  the  initial  tests  were  per¬ 
formed  in  the  open  air. 

In  the  first  series  of  tests,  a  length  of  Irimacord  (70  grains  per  foot) 
was  detonated  in  the  near  vicinity  of  a  4-inch  length  of  X-12  propellant. 

In  the  most  severe  of  these  tests,  eight  strajids  of  the  Primacord  were 
placed  in  contact  with  the  propellant  and  were  detonated.  The  propellant 
did  not  detonate,  although  it  fractured  into  numerous  pieces  which  ignited 
and  burned.  This  situation  was  considerably  more  severe  than  any  con¬ 
dition  likely  to  be  encountered  in  the  tests  in  the  blast  simulator.  A 
more  realistic  situation  was  experienced  with  two  strands  of  the  Primacord 
in  contact  with  the  X-12  propellant.  Again,  detonation  did  not  occur. 

The  propellant  did  break  into  a  few  pieces,  some  of  which  ignited  and  burned. 


It  was  believed  that  this  fracture  of  the  propellant  was  not  serious 
enough  to  provide  excessively  high  pressures,  althoiagh  the  conditions 
might  not  be  as  reproducible  as  desired. 

The  second  series  of  tests  at  NOTS  was  conducted  in  a  9-inch 
length  of  steel  tube  with  a  2-inch  internal  diameter.  A  4-inch  length 
of  X-12  propellant  was  placed  in  the  bottom  of  the  tube;  Primacord  was 
strung  along  the  top  and  detonated.  The  clear  spacing  between  propellant 
and  Primacord  was  3/4  inch.  Neither  detonation  nor  ignition  of  the 
X-12  occurred. 

Since  consultants  at  NOTS  felt  that  one  of  the  major  problems  in  the 
anticipated  use  of  the  X-12  propellant  would  be  that  of  ignition,  strands 
of  quick  match  were  strung  along  with  the  Primacord  in  the  remainder  of 
the  tests.  It  was  determined  that  two  strands  of  quick  match  in  this 
configuration  would  be  sufficient  to  insure  ignition  of  the  propellant. 
Burning  of  the  X-12  occurred  at  a  slow  rate  since  the  pressure  was  not 
sufficiently  high  to  promote  rapid  burning.  In  the  most  severe  test,- 
from  the  standpoint  of  detonation  of  the  propellant,  eight  strands  of 
quick  match  were  used  along  with  the  Primacord.  It  is  significemt  that 
detonation  did  not  occur  in  any  of  these  tests,  nor  did  the  propellant 
break  into  small  pieces. 

Accordingly,  full-scale  tests  were  planned  in  the  simulator.  A 
total  of  15  tests  using  Primacord,  nitrocellulose  film,  and  X-12  pro- 
pellsmt  were  conducted  in  the  blast  simulator.  The  most  significant  of 
these  tests  are  discussed  here. 

Test  No.  1  established  the  base  curve  for  a  pressure  of  66  psi  using 
Primacord  eind  nitrocellulose  film.  The  tracing  of  the  initial  portion 
of  the  oscillogram  record  is  shown  in  Figure  5a. 

Test  No.  2  was  performed  with  a  12-inch  length  of  X-12  propellant 
resting  on  the  bottom  of  the  firing  tube  with  a  clear  spacing  of  13/l6 
inch  to  the  Primacord  (Figure  6).  Figure  7  is  a  perspective  view  of  the 
firing  tube  at  midspan. 
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Test  No.  3  used  a  24-lnch  length  of  X-12  in  the  same  configuration. 
Figures  5b  and  5c  show  that  the  propellant  in  this  position  did  not  make 
any  .  piificant  contribution  to  the  pressure-time  curve.  It  was  noted 
that  the  propellauit  was  entirely  consiamed  but  apparently  burned  at  such 
a  rate  that  its  effect  was  insignificant. 

In  Test  No.  4,  a  12-inch  length  of  propellant  was  in  contact  with 
the  Pririacord  (Figure  8) .  It  can  be  seen  in  Figure  9a  that  the  initial 
decay  was  considerably  decreased.  For  Test  No.  5,  the  12-inch  length 
of  propellant  was  cut  into  4-inch  sections.  There  were  no  significant 
differences  in  the  results  of  the  two  tests,  as  can  be  noted  by  ccsn- 
paring  Figiires  9a  and  9b.  The  comparison  of  Test  No.  5  with  the  basic 
test  curve  over  the  entire  range  is  presented  in  Figure  10.  It  is 
noted  that  the  propellant  used  in  this  configuration  has  a  marked  effect 
in  increasing  the  pressure-time  curve  over  the  full  duration  of  the 
pressure. 

Test  Nos.  6  and  7  used  a  24-inch  length  of  X-12  in  contact  with  the 
Primacord.  In  the  first  of  these  tests  (Figure  11a),  the  pressure  in¬ 
creased  slightly  above  the  initial  peak  value,  whereas  the  pressure 
decreased  somewhat  for  the  second  of  these  tests  (Figure  11b). 

Test  No.  8  used  Primacord  and  nitrocellulose  film  to  establish  a 
base  curve  for  a  pressure  of  120  psi.  The  initial  portion  of  the 
pressure-time  curve  for  this  test  is  shown  in  Figure  12a.  For  test  Nos. 
9  and  10,  12-inch  and  24-inch  lengths  respectively  of  X-12  propellant 
were  placed  in  contact  with  the  Primacord.  The  main  result  from  these 
latter  two  tests  was  the  elevation  of  peak  pressure  from  121  psi  to 
i43  and  154  psi  (Figures  12b  and  12c).  The  initial  decay  from  peak 
pressure  is  comi>arable  for  these  three  tests. 

Table  I  is  a  summary  of  the  test  schedule  and  results  for  the  most 
significant  tests. 
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DISCUSSION  OF  RESULTS 


The  tests  demonstrated  the  feasibility  of  using  X-12  propellant  In 
conjunction  with  the  basic  explosive  charge  to  provide  substantial  de¬ 
creases  in  the  initial  pressure  decay  ra/'e  experienced  in  the  blast 
simiolator.  It  is  significant  that  detonation  of  the  propellant  did  not 
occur  in  any  of  the  tests  performed  either  at  NOTS  or  NCEL.  Thus,  the 
likelihood  of  such  a  high-order  detonation  appears  quite  remote  for  the 
test  conditions  in  the  simulator. 

For  pressures  in  the  70-psi  range,  a  step  pulse  of  200  milliseconds 
duration  can  actually  be  achieved.  Ihe  decay  of  the  pressure  pulse  in 
the  later  stages  of  loading  can  be  controlled  within  certain  limits  by 
the  quick-opening  valves.  Cutting  the  propelleuit  into  smaller  lengths, 
as  was  done  in  Test  No.  5,  did  not  produce  significant  differences  in 
pressure  conditions  from  Test  No.  4  for  the  first  200  milliseconds. 
Comparison  of  these  two  tests  also  indicates  that  there  was  not  a  signifi¬ 
cant  amount  of  fractiaring  of  the  propellant  caused  by  the  detonation  of 
the  Primacord.  If  severe  fracturing  had  occurred,  the  peak  pressure 
would  have  been  increased  noticeably.  This  would  have  provided  a 
different  pressure-time  behavior,  which  was  not  in  evidence.  The  results 
of  the  tests  in  the  open  air  at  NOTS  sG.so  support  the  contention  that 
fracturing  of  the  propellant  is  not  a  significant  problem  at  these  pressure 
levels.  There  was  also  no  difficulty  in  ignition  of  the  X-12  when  the 
propellant  was  Initially  in  contact  with  the  Primacord,  Thus,  the  test 
results  for  this  pressure  level  seem  to  be  reproducible  within  the  ex¬ 
pected  limits  of  experimental  variation. 

For  pressures  in  the  120-psl  range,  the  addition  of  X-12  propellant 
provided  substantial  increases  in  the  peak  pressure  attained  as  noted  in 
Test  Nos.  8,  9>  and  10*  The  peak  pressure  obtained  using  the  basic  charge 
was  121  psi;  the  use  of  12-  and  24-inch  lengths  of  X-12  along  with  the 
basic  charge  increased  the  peak  pressure  to  l45  and  154  psi  respectively. 

An  explanation  of  this  phenomenon  may  be  that  the  portion  of  the  propellant 
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in  immediate  contact  with  the  Primacord  was  forced  to  bum  at  an  excessively 
rapid  rate  as  caused  by  the  heat  and  pressure  in  the  detonation  wave.  Hie 
rapid  biiming  created  increases  of  pressure  at  times  earlier  than  desired; 
this  resulted  in  an  increase  in  peak  pressure  rather  than  an  increase  in 
pressure  shortly  after  reaching  the  peak  value  as  obtained  with  the  basic 
charge . 

Some  exploratory  tests  using  the  propellant  encased  in  a  protective 
shield  to  prevent  the  rapid  forced  burning  of  the  propellant  were  not 
successful  in  delaying  the  initiaQ.  decay  of  pressure.  Two  approaches  for 
sustaining  the  peak  pressure  at  higher  pressure  levels  are;  (l)  using  a 
propellant  of  lower  burning  rate  in  contact  with  the  Primacord,  and  (2) 
resting  the  propellant  on  the  bottom  of  the  firing  tube  and  insuring  its 
ignition  by  the  use  of  several  strands  of  quickmatch  in  conjunction  with 
the  Primacord.  These  tests  have  not  yet  been  performed. 

CONCLUSIONS 

Based  on  the  numerous  tests  performed  at  NOTS  and  at  NCEL,  the 
following  conclusions  for  the  test  conditions  encountered  seem  warranted; 

1.  (Biere  is  little  likelihood  of  detonating  X-12  propellant  when 
it  is  placed  adjacent  to  Primacord. 

2.  Combinations  of  X-12  propellant,  Primacord,  and  nitrocellulose 
film  can  be  used  to  provide  step  pulses  of  at  least  200  milli¬ 
seconds  duration  for  pressures  up  to  70  psi.  Ihe  decay  of 
pressure  beyond  these  times  can  be  controlled  within  limits. 

Since  the  completion  of  these  tests  in  July  1959 >  additional  tests 
have  been  performed^ which  tend  to  confirm  the  above  conclusions. 

ACKNOWLEDGMENTS 

In  addition  to  the  contributions  made  by  members  of  the  NCEL  technical 
sterff ,  the  authors  .jjould  like  to  express  their  sincere  appreciation  for 
the  efforts  of  numerous  NOTS  scientists,  particularly  those  of  Messrs. 

J.  L.  Bray  and  R.  G.  Sampson  of  the  Propulsion  Analysis  Bi^ch,  Propvilsion 
Development  Department.  Mr.  Bray  assisted  in  the  full-scale  tests  at 
NCEL  euid  in  the  Interpretation  of  results. 


t 


llfif 


PRESSURE  CURVES. 
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a)  Test  1 :  Basic  e)^losiv«  chaig* 
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From  primocord 


c)  Test  3:  24  inches  of  X-l 2  propellant  placed  13/16" 
from  primocord 

FIGURE  5.  PRESSURE-TIME  CURVES  FOR  TESTS  1,  2,  AND  3. 
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FIGURE  6.  PROPELLANT  LOCATED  AT  A  DISTANCE  OF 
13/16"  FROM  THE  PRIMACORD. 
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FIGURE  9.  PRESSURE-TIME  CURVES  FOR  TESTS  4  AND  5. 


Time  »  (seconds) 

FIGURE  10.  PRESSURE-TIME  CURVES  FOR 
TESTS  1  AND  5. 
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c)  Tost  10:  24  Inches  of  X>12  propellant  placed  ad{acent 
to  primocord 

FIGURE  12.  PRESSURE-TIME  CURVES  FOR  TESTS  8,  9,  AND  10. 
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APPENDIX  I 


PROPERTIES  OP  EXPLOSIVES  USED  IN  THE  SIMULATOR 


A  brief  svmmiary  of  the  properties  of  the  various  types  of  explosives 
used  is  given  below: 

Primacord^^’^^ 

Primacord  is  a  detonating  fuse  comprising  a  high  explosive  core  of 
pentaerythritetetranitrate  (PEIN)  contained  within  a  waterproof  sheath 
overlaid  by  reinforcing  coverings.  It  has  a  high  detonating  velocity  of 
about  21,000  ft  per  second.  It  is  light  in  weight  sjid  very  flexible, 
making  it  easy  to  handle  and  connect.  Primacord  is  very  insensitive  and 
cannot  be  detonated  by  fire,  friction,  or  oardinary  shock. 

Composition  c4 

Composition  C^,  also  called  Harrisite,  is  a  plastic  eacplosive.  It 
has  a  high  velocity  of  detonation  at  26,000  ft  per  second.  C4  catches 
fire  easily  aind  bums  with  ac  intense  heat.  It  remains  pliable  like  putty 
and  is  easy  to  mold  at  tempeiratures  between  -70°P  eind  170°P.  Poisonous 
fumes  are  given  off  when  eacploded;  thus  the  escplosive  should  not  be  used 
in  an  enclosed,  unventilated  space.  Composition  C4  is  easily  detonated 
by  a  blasting  cap. 

Blasting  Caps^^^ 

Electric  blasting  caps  are  small  tubes,  usually  copper,  closed  at 
one  end  euid  loaded  with  a  charge  of  various  explosives.  Two  insulated 
wires  connect  to  a  bridge  wire  which  is  embedded  in  one  of  the  explosives. 
Hie  cap  is  detonated  by  means  of  an  electrical  current  which  heats  the 
bridge  wire  to  inceinde sconce,  thereby  exploding  the  charge. 

Engineer's  special  blasting  caps  provide  a  more  powerful  eiqilosion 
than  the  blasting  caps  normally  used  in  most  applications.  Hils  special 
cap  contains  crystalline  PETN  and  assures  a  more  positive  detonation  of 
the  Composition  euid  Primacord.  For  tests  in  the  simulator,  two  No.  8 
Engineer's  special  blasting  caps  are  used. 


Nitrocelliilose  Film 


(9,10) 

Ihe  nitrocellulose  used  in  the  simulator  tests  is  in  the  form  of 
clear,  ordinary  movie  film.  The  film  is  a  solid  solution  of  cellulose 
nitrate  and  camphor  or  other  plasticizer.  It  is  highly  flammable  and 
releases  toxic  gases  during  combustion. 

(7) 

Black  Powder'  ' 

Black  powder  is  a  deflagrating  explosive,  one  that  bums  pro¬ 
gressively  over  a  relatively  sustained  period  of  time  in  canparlson 
with  a  detonating  explosive  which  decomposes  practiceilly  instantaneously. 

It  is  one  of  the  worst  known  explosive  hazards  and  must  be  handled  with 
extreme  caution. 

Black  powder  is  manvifactured  in  two  grades:  TYP®  A  which  is  com¬ 
posed  of  75  percent  saltpeter  or  potass Ixmi  nitrate,  10  percent  sulfur, 
and  15  percent  charcoalj  B  which  uses  sodium  nitrate  instead  of 

potassium  nitrate.  G^e  A  blasting  powder  is  considerably  faster  and 
slightly  stronger  than  Type  B  blasting  powder. 

(U) 

Meignesium  Powder'  ' 

Magnesium  is  a  highly  flammable  solid  and  can  cause  explosions  when 
in  a  finely  divided  state  such  as  powder.  It  is  a  dangerous  fire  hazard 
and  should  be  stored  in  a  cool,  well  ventilated  place.  Magnesium  cem 
unite  with  oxygen  to  form  meignesium  oxide,  a  poisonous  conipound  which 
can  cause  metal  fume  fever  8uid  gas  gangrene.  If  the  container  of  the 
magnesium  powder  is  left  \mcovered,  the  magnesium  can  liberate  hydrogen 
which  is  also  a  potential  explosion  hazard. 

Electric  Squibs^ 

Squibs  comprise  a  small  sdumlnum  tube  with  a  charge  of  deflagrating 
mixture  in  the  bottom  closed  end;  an  electrical  firing  element  and  attached 
wires  are  sealed  into  the  other  end  with  waterproofing  ccanpouhd  and  sulfur. 
When  cxirrent  is  applied  to  the  wires,  the  firing  element  flashes  and 
ignites  the  deflagrating  compound.  Intense  flame,  issuing  from  the 
ruptured  shell,  ignites  the  main  explosive  charge. 
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Electric  squibs  are  considered  the  safest  and  most  effective  means 
of  igniting  black  powder. 

(12') 

High-Energy  X-12  Propellant'  ' 

The  composition  and  properties  of  the  high-energy  X-12  propellant 
is  discussed  in  Table  12  of  the  referenced  report  which  is  classified 
CONFIDENTIAL.  The  propellant  used  in  the  simulator  tests  is  extruded 
in  grains  that  are  1-1/8  inches  in  diameter. 

Quickmatch 

The  quickmatch  used  in  the  tests  goes  under  the  tradename  of 
Blackmatch.  It  consists  of  a  heavy  cotton  cord  impregnated  with  black 
powder.  Its  principal  application  is  as  a  fuse  material  and  the  ccxn- 
bustion  characteristics  are  identiceil  to  those  of  ordinary  black  powder. 
It  does  not  detonate  and  can  produce  an  explosion  only  in  a  confined 
space. 
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ARC  HEATING  TECHNIQUE  FOR  SHOCK  TUBE  DRIVER 


L.  Y.  Lamb 
G.  R.  Russell 
Aerospace  Corporation 


ABSTRACT 

A  preliminary  study  of  arc  heating  as  a  means  of  Increasing  the 
sound  speed  of  the  driver  gas  in  a  shock  tube  has  been  made.  A 
description  of  the  pilot  facility  is  given  together  with  the  opera¬ 
tional  procedure.  The  arc  unit  characteristic  was  studied  separately, 
and  arc  phenomena  were  observed  in  detail  with  the  help  of  a  high  speed 
movie  camera.  It  has  been  found  that  the  problems  in  arc  operation  are 
nozzle  erosion  and  prematixre  arc  blow-out.  Nozzle  erosion  limits  the 
maximum  gas  enthalpy  level  that  can  be  attained  with  the  arc.  Driver 
temperature  and  pressure  time  histories  as  well  as  the  driver  axial 
temperature  gradient  have  been  obtained.  The  total  efficiency  and  the 
final  driver  gas  temperature  versus  power  input  are  presented  to  illus¬ 
trate  the  capability  of  the  prototype  facility.  Finally,  the  arc -heated 
shock  tube  performance  is  summarized  with  a  graph  of  measured  shock  Mach 
number  versus  pressure  ratio  with  driver  gas  temperature  as  a  parameter. 

In  conclusion,  it  was  found  that  the  plasma-jet  heating  scheme 
utilizing  contemporary  engineering  materials  is  restricted  by  thermal 
stress  problems  to  operate  at  about  3000°K.  With  improvement  in  design 
and  selection  of  high  temperature  materials,  substantial  increase  in 
driver  gas  temperatvire  can  be  realized. 
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S^CMBOLS 
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A  Cross-sectional  area  of  the  arc  nozzle  throat 

a  Sound  speed 

Specific  heat  at  constant  pressure 

E  Total  Energy 

h  Gas  enthalpy 

°K  Degree  Kelvin 

M  Shock  Mach  number 

s 

m  Total  mass  of  gas  or  materisd.  under  consideration 

m  Gas  mass  flow  (dm/dt) 

P  Arc  power  input 

p  Gas  pressure 

.  ,  2 

4  Heat  transfer  rate  cal/m  -  sec 

R^T^  20.65  cal/gm  (T^  =  300°K,  for  air) 

Rj^T^  148.9  cal/gm  (T^  =  300°K,  for  helium) 

2 

5  Driver  Interior  wetted  surface  area  m 

T  Temperature 

t  Time 

V  Driver  internal  voliane 

X  Dlstajice 

7  Specific  heat  ratio 

Tj  Efficiency 
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SUBSCRIPTS 


1  Shock  tube  section  ! 

*  1 

f 

2  Conditions  behind  primary  shock  i 

4  Instantaneous  driver  gas  condition 

a  Arc  unit 

c  Reservoir,  or  arc  charging  condition 

d  Pertaining  to  the  driver 

t  Total 

s  Stagnation 

In  Input 

SUPERSCRIPTS 

'  Final  condition  In  driver  (at  time  of  major  diaphragm  rupture) 


* 
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I.  ZHTRODUCnOR 


k 


The  shock  tube,  a  device  useful  for  hypersonic  simulation  as  veil 
as  for  general  physical  research,  has  been  developed  extensively  during 
recent  years.  Improvements  In  performance  and  versatility  of  this 
remarkable  Instrument  are  constantly  being  Investigated.  One  of  the 
ultimate  goals  of  these  studies  Is  the  achievement  of  higher  shock  Mach 
numbers . 


Consistent  with  this  Interest,  one  of  the  Important  parameters  to 
be  considered  Is  the  sound  speed  ratio  across  the  major  diaphragm  as 
Indicated  below  from  the  basic  shock  tube  equation  for  Ideal  gases. 


*  1 
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-  27^/74-  1 


(1) 


When  the  pressure  ratio  Pj^/p^  approaches  00  as  a  limit,  the  maximum 


attainable  shock  Mach  number  becomes  the  asymptotic  value  M 


It 


Is  then  seen: 


max 


M. 


max 


•“  r,.  -  1  a. 


where 


K  = 


7^  -  ij/  7imj 


4“l 
‘4 


(2) 


The  driver  and  driven  gas  used  are  usually  selected  to  be  compatible 

with  the  experiment  under  consideration  In  >dilch  case  K  Is  a  constant. 

It  Is  noted  then  that  M  Is  proportional  to  the  l/2  power  of  the 

^max 

temperature  ratio  across  the  major  diaphragm.  It  Is  obvious  that  for  a 
conventional  shock  tube  the  only  way  In  which  ceui  be  Increased  Is 

to  heat  the  driver  gas. 


For  hypersonic  studies  employing  shock  tubes  of  reasonable  dimensions, 
various  heating  methods  have  been  considered  In  the  In  the  past.  These 
methods  Include  combustion  heating  with  exothermic  gas  mixtures  and 
conduction  heating  by  meeuis  of  electric  heating  elements.  The  first  scheme 
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Is  limited  by  the  maxlmim  ccmibustlon  temperature  of  the  chemical  constitu¬ 
ents.  The  latter  scheme  suffers  from  low  attainable  temperatures  of  the 
heating  elements  and  heat  losses  to  the  driver  walls.  IQie  arc  heating 
technique  Is  unique  In  this  application  because  Its  heating  capability  Is 
recognized  as  more  than  an  order  of  magnitude  higher  than  other  methods 
previously  used  In  driver  gas  heating.  Arc  heating  Is  defined  here  as 
the  process  of  conversion  of  electrical  energy  into  thermal  energy  of  the 
gas  In  the  form  of  gas  Joule  heating  (j  /o).  Qualitatively,  the  gas 
temperature  rise  is  then  proportional  to  the  specific  energy  input  to  the 
gas.  The  electrical  energy  can  be  dumped  Into  the  gas  In  a  short  time 
Interval  of  the  order  of  a  few  milliseconds  or  it  csm  be  added  over  a 
longer  period  of  time  (100  milliseconds  or  longer). 

A  long  duration  heating  scheme  becomes  attractive  because  the  power 
requirement  Is  not  as  severe.  Ideally  speaking,  a  small  power  stqnP^  can 
deliver  the  required  energy  if  the  Injection  period  is  made  long  enough. 

An  electric  arc  unit  such  as  the  plasma-jet  Is  a  device  within  this 
classification . 

Since  arc  heating  does  not  depend  on  chemical  reaction  for  the 

generation  of  heat,  various  gases  In  either  pure  or  mixed  form  can  be 

used  as  the  driver  gas.  The  combination  of  mixing  inert  gases  to  obtain 

various  effective  molecular  weights  and  the  ability  to  vary  the  gas 

temperature  should  lend  Itself  to  the  tedlored-interface'^'  application, 

which  Is  a  useful  method  for  extending  the  test  time  for  a  shock  tube  with 

a  shoirt  driver  section.  In  addition,  an  axletl  temperature  gradient  can  be 

Impeurted  to  the  driver  gas,  normally  with  the  hotter  gas  near  the  arc  unit. 

Theoretical  considerations  show  that  coo^resslon  waves  from  such  a  positive 

temperature  gradient  reinforce  the  shock  wave  as  It  travels  down  the 

(3  4) 

shock  tube^  *  ,  which  would  tend  to  minimize  the  atteniiatlon  of  the  shock 

wave. 

Ihls  paper  describes  the  feasibility  of  using  a  platsma-Jet  of  con¬ 
ventional  design  as  a  driver  gas  heater.  E:q>erlmental  results  are  presented 
which  describe  the  operation  of  the  eirc  unit,  its  coupling  with  the  shock 
tube  driver,  the  transient  driver  gas  conditions  and  finally  the  shock 
tube  performance  using  arc  heated  helium  as  a  driver  gas. 
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II.  THE  ARC-SHOCK  TUBE  FACIUTY 

Figure  1  Is  a  schematic  diagram  of  an  arc-heated  shock  tube  made 
up  of  three  major  components:  the  plaana-Jet  arc  heater  (referred  to 
as  the  arc  unlt)i  the  driver,  and  the  shock  tube.  The  arc  unit  Is 
connected  to  a  gas  reservoir  and  the  gas  flow  to  It  cem  be  regulated 
to  any  desired  pressure.  The  unit  Is  sepeirated  from  the  driver  by  a 
thin  brass  diaphragm  0.001  Inch  thick.  Separating  the  driver  section 
from  the  shock  tube  Is  the  major  dlajdiragm,  preformed  from  aluminum 
sheet  stock.  It  Is  O.OO8  to  O.OI6  Inch  thick,  depending  on  the  charge 
pressure  used.  To  facilitate  pumpdown  of  the  shock  tube  section,  the 
tube  Is  sealed  at  the  downstream  end  by  a  Hylar  diaphragm.  The  driver 
Is  a  steel  cylinder,  1  foot  long  with  a  4  Inch  Inside  diameter.  A  heat- 
resistant  liner  protects  the  driver  walls  from  high  temperatures  emd 
also  reduces  heat  loss  by  the  driver  gas.  A  zirconium -oxide  (ZrO^) 
based  material  with  the  trade  name  of  "Roklde  Z”  coats  the  Interior 
walls  of  the  driver.  A  mechanical  striker,  energized  by  a  solenoid 
and  mounted  In  the  driver,  pvinctures  the  major  dlai>hragm  from  within 
the  driver  by  a  sharp  point  aligned  with  the  center  of  the  diaphragm. 

A  delay  timer,  regulating  the  time  of  strike,  can  be  set  to  a  wide 
range  of  delays  after  sure  stsurtlng.  Two  sepeuate  vacuum  systeous  with 
mechanical  pumps  evacuate  the  driver  emd  the  shock  tube  section, 
separately.  Arc  power  Is  supplied  by  two  battery  banks  with  potentials 
of  384  or  768  volts,  obtainable  with  parallel  or  series  connections. 

More  than  ^00  kilowatts  can  deliver  for  a  short  duration  to  the  arc  unit. 
Figures  2,  3>  and  4  show  the  facilities  used  In  the  experiments.  Helliai 
Is  used  as  the  driver  gas  because  of  Its  Inert  nature,  low  molecular 
weight,  and  safe  handling  characteristics.  Air  Is  used  in  the  shock 
tube  driver  section. 

Arc  power  Input  Is  determined  by  current  emd  voltage  measuresients 
across  the  arc.  A  fast-response  pressure  transducer  measures  the  pres¬ 
sure  built  up  within  the  driver.  The  driver  gas  temperature  Is  measured 
by  platinum  euid  platinum  plus  10  per  cent  rhodium  thermocouples  Inserted 
about  1  Inch  Into  the  driver  gas.  Shock  waves  are  detected  with  Ionization 
gauges  placed  1  foot  apart  long  the  shock  tube. 
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III.  OPERATIONAL  PROCEDURE 


In  prepeuratlon  for  shock  tube  operations,  the  driver  Is  pimped 
dovn  to  a  very  low  pressure  %dille  the  shock  tii>e  section  Is  maintained 
at  a  pressure  predetermined  for  each  series  of  experiments.  Ibe  80*0 
chamber  Is  charged  with  helium  at  a  selected  charge  pressure  vfaen  the 
system  Is  ready  for  firing.  A  thin  brass  diaphragm  at  the  throat  of 
the  nozzle  0.001  inch  thick,  acts  in  effect  as  a  shutoff  valve  and 
prevents  the  flow  of  helium  Into  the  driver.  Ibe  dlajdirasB  Is  In 
contact  with  the  anode,  and  a  metal  irtilsker  attached  to  the  diaphragm 
contacts  the  cathode  of  the  arc.  This  provides  the  InltleUL  current 
path  and  facilitates  arc  starting. 

^e  sequence  of  operation  begins  vlth  the  closing  of  the  controller 
svltch  idilch  completes  the  power  supply  circuit  of  the  arc  imlt.  The 
current  surge  quickly  vaporizes  the  metal  idilsker  of  the  brass  diaphragm 
(Figure  3)  together  with  the  portion  of  diaphragm  speuinlng  the  throat. 
This  action  starts  the  arc  operation  and  eilso  removes  the  bsirrler  between 
the  arc  chamber  and  the  evacuated  driver.  As  the  gas  Is  Injected  Into 
the  arc  chamber  with  a  tangential  comi>onent,  a  vortex  Is  created  within 
the  arc  chamber  thus  maintaining  arc  stability  during  operation.  Bell\m 
flows  through  the  arc  column  Into  the  driver  Increasing  the  driver  gas 
pressure  and  temperature  simultaneously.  At  a  predetezmlned  time  after 
the  ere  steirtlng,  a  timer  switch  energizes  the  mechanical  striker  and 
ruptures  the  diaphragm,  thereby  steurtlng  the  shock  formation  process 
within  the  shock  tube.  The  sequence  timer  then  opens  the  controller 
switch  and  de-energlzes  the  solenoid  gas  valve,  thus  shutting  off  the 
eurc  emd  the  flow  of  helium  successively. 

IV.  THE  ARC  UNIT 

The  performance  of  the  arc  unit  limits  ultimately  the  capability  of 
the  shock  tube.  Development  has  therefore  been  directed  toward  meeting 
the  requirements  of  shock  tube  operation  with  high  arc  starting  emd 
operational  pressure,  high  gas  enthalpy,  and  erosion -free  operation.  The 
arc  configuration  used  In  this  program  Is  rather  simple.  The  electrodes 
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consist  of  a  cathode  made  of  copper,  with  a  tungsten  tip  Insert  to  cut 
down  the  erosion  rate  and  an  anode  of  a  heat-sink  type  design  in  the 
form  of  a  converging -diverging  nozzle.  The  anode  has  a  l/k  inch  throat 
diameter,  cut  into  a  solid  copper  cylinder.  Electrode  erosion  is  one  of 
the  main  concerns  in  arc  operation,  and  various  combinations  of  copper, 
tungsten,  and  graphite  have  been  tried  as  cathode  Euid  anode  material. 
Graphite,  despite  its  favorable  high  temperature  characteristics,  is  not 
suitable  as  an  electrode  material  because  fine  particles  which  form  in 
the  process  of  erosion  can  cause  severe  driver  gas  contamination,  resulting 
in  a  decrease  in  shock  tube  i>erformance.  A  full-scale  assembly  drawing  of 
the  arc  unit  used  in  the  experiments  is  shown  in  Figmre  5* 

Because  the  arc  driver  coupling  phenomena  sure  complex,  the  sure  unit 
has  been  studied  Independently  to  reveal  its  specific  characteristics.  By 
operating  the  arc  so  that  it  exhausts  into  the  atmosphere,  the  back  pres¬ 
sure  is  constant.  Equilibrium  conditions  esm  be  achieved  shortly  after 
arc  starting.  The  arc  phenomena  have  been  photographed  with  a  high  speed 
motion  picture  camera,  and  a  trsuisparent  arc  chamber  has  been  constructed 
specially  to  permit  viewing  of  the  arc  column  itself.  The  arc  starting 
transient  lasts  for  less  than  one  millisecond.  Steady  arc  operation  then 
prevails  and  the  arc  column  can  be  observed  to  originate  at  the  center  of 
the  cathode  and  to  end  downstream  of  the  throat  at  the  expanding  portion 
of  the  nozzle  wall.  For  low-power  runs,  the  plasma  makes  no  contact  with 
the  throat  nor  does  the  arc  column  fill  the  throat  cross-sectional  area 
completely.  A  linear  pinch  effect,  produced  by  the  arc  current  Induced 
magnetic  field,  tends  to  confine  the  arc  column  into  a  narrow  region 
rather  than  diffusing  it  radially.  A  vortex  flow  exists  within  the  arc 
chamber  and  helps  in  centralizing  the  arc  column,  and  thereby  provides  an 
envelope  of  relatively  cool  helium  surrounding  the  hot  plasma.  As  the 
power  input  is  increased,  the  arc  column  increases  in  size  and  luminosity, 
eventually  filling  the  full  throat  area.  Ibe  gas  temperature  within  the 
driver  is  then  the  resultant  temperature  of  the  hot  plasma  and  the 
relatively  cool  gas  that  has  been  injected  without  benefit  of  the  Joule 
heating. 
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Two  factors  are  of  primary  Importance  as  far  as  the  arc  operation 
is  concerned.  They  are  Joule  heating  within  the  gas  and  heat  transfer 
from  the  gas  to  the  nozzle  walls.  The  Joule  heating  is  the  mechanism 
by  Tdiich  the  gas  temperature  is  raised.  The  heat  transfer  to  the  nozzle 
walls  represents  the  chief  energy  loss  within  the  arc  unit.  At  low 
power  Inputs,  the  arc  column  is  rather  slender  and  the  ratio  of  the  arc 
column  diameter  to  throat  diameter  is  small.  The  thermal  boundary  layer 
across  the  helium  gas  is  large  because  the  relatively  cool  gas  surrounding 
the  arc  column  acts  as  an  insulating  layer.  Heat  transfer  to  the  walls 
does  not  present  too  big  a  problem.  At  high  power  inputs,  the  arc  column 
diameter  Increases  and  displaces  more  of  the  cooler  gas  envelope.  There¬ 
fore,  heat  lost  to  the  wall  begins  to  mount  until  at  a  certain  power  level 
the  enthalpy  of  the  gas  in  contact  with  the  throat  surface  reaches  the 
melting  threshold  of  the  throat  material.  At  this  point  the  nozzle  walls 
start  to  ablate,  eventually  causing  failure  of  the  arc  unit. 

With  respect  to  arc  starting,  it  has  been  observed  that  for  a  given 
arc  chamber  pressure  and  electrode  gap  spacing  there  is  a  threshold 
electrical  potential  below  which  the  arc  will  not  be  sustained  after  the 
initial  current  surge  has  destroyed  the  metal  idilskers  of  the  brass 
diaphragm.  Arc  stability  depends  on  continuity  of  the  current  path  through 
the  arc  column  from  cathode  to  anode.  An  adequate  electrical  potential, 
after  the  initial  drop,  must  be  maintained  to  overcome  the  large  electrical. 
Impedance  of  the  relatively  cold  gas  during  arc  starting.  A  high  charge 
pressvire  creates  a  large  flow  velocity  across  the  electrode  gap.  This 
action  tends  to  break  up  the  weak  arc  filament  formed  initially.  High 
pressure  also  implies  high  gas  density  eind  consequently  high  electrical 
Impedance.  Both  of  these  factors  demand  a  high  starting  electrical 
potential  for  successfully  starting  the  arc.  laical  threshold  starting 
voltage  for  a  helium  gas  with  a  35O  psi  charge  pressure  is  around  38O 
volts  with  an  electrode  gap  spacing  of  about  1/16  inch  at  the  closest 
approach. 
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V.  ARC-DRIVER  COUPLING 


The  arc -driver  coupling  phenomena  are  different  from  the  arc  phenomena 
because  the  arc  exhausts  Into  a  closed  driver.  The  Jet  back  pressure,  or 
equivalently  in  this  case  the  driver  pressure,  changes  with  time.  Obser¬ 
vation  of  the  arc  operation  during  a  run  reveals  that  the  arc  column  grows 
continuously  in  size  and  luminosity,  eventually  filling  the  whole  throat 
area  as  the  driver  pressure  is  broiaght  close  to  the  charge  pressure.  This 
is  consistent  with  the  fact  that  the  average  enthalpy  at  the  throat  in¬ 
creases  as  the  mass  flow  decreases.  This  mode  of  operation  is  nonsteady 
emd  the  operating  cycle  is  essentially  a  long  transient.  Conditions  within 
the  arc  and  the  driver  are  not  uniform.  Because  of  this,  the  fill-up 
process  is  not  easily  amenable  to  a  rigorous  theoretical  analysis.  There¬ 
fore,  only  average  values  of  density,  enthalpy,  etc.,  can  be  estimated  for 
the  arc  and  the  driver  conditions. 

Kie  initial  rate  of  pressure  build-up  is  rapid  within  the  driver, 
decreasing  to  zero  as  the  driver  pressure  approaches  asymptotically  the 
charge  pressure.  Although  the  time  required  for  the  build-up  is  long,  the 
driver  cam  be  considered  full  vben  its  pressure  reaches  95  per  cent  of  the 
charge  pressure.  For  the  driver  size  and  nozzle  configuration  used  in  the 
experiments,  this  time  interval  ranges  from  100  to  250  milliseconds,  depend¬ 
ing  on  the  charge  pressure  suid  power  input.  The  time  of  pressure  build-up 
is  designated  as  the  fill  time  t^,  euad  the  time  interval  from  the  onset  of 
driver  filling  to  rupture  of  the  major  diaphragm  is  called  the  gas  dwell 
time  t^.  IHie  driver  gas  temperature  is  observed  to  be  a  function  of  time. 
Since  heat  transfer  within  the  driver  tends  to  lower  the  gas  temperature, 
the  average  gas  temperature  drops  when  energy  input  ceases  due  to  the  lack 
of  mass  flow  into  the  driver  near  the  end  of  the  driver  filling  process. 

For  maximum  driver  performance,  the  dwell  time  for  the  peak  average  temper¬ 
ature  should  be  made  approximately  equal  to  the  fill  time  for  the  maximum 
obtainable  pressure.  Records  of  the  driver  pressure,  temperature  and  the 
arc  power  input  for  a  typical  experimental  run  are  shown  in  Figures  6  and 
7.  The  driver  gas  temperature  is  measured  with  a  thermocouple  located  near 
the  center  of  the  driver;  if  this  temperature  is  taken  to  be  the  average 


value,  then  the  mass  input  to  the  driver,  which  is  equal  to  the  mass  flow 
across  the  throat,  can  he  calculated.  Since  the  perfect  gas  assumption  is 
permissible  for  helium  at  the  prevailing  temperature  (encountered  during 
the  experiments)  in  the  driver,  the  mass  within  the  driver  at  any  time  is 
given  approximately  by  the  equation  of  state,  expressed  as  follows: 


The  average  enthalpy  of  the  gas  irtien  it  enters  the  driver,  also  being  the 
enthalpy  at  the  exit  of  the  arc  nozzle,  is  given  by: 


The  calculated  arc  enthalpy  for  a  run  with  a  fixed  value  of  0.8  for  the  arc 
efficiency  is  shown  in  Figure  8.  The  gas  enthalpy  is  an  inverse  function  of 
the  mass  flow.  Since  the  mass  flow  decreases  with  time,  the  Jet  velocity 
decreases  proportionately.  Therefore,  the  higher  gas  enthalpy  tends  to  be 
distributed  closer  to  the  arc  unit  and  a  positive  temijerature  gradient  cam 
be  expected  in  the  driver  gas.  A  measured  temperature  gradient,  obtained 
separately,  is  shown  in  Figure  9*  Modification  of  the  gradient  curve  shape 
can  be  effected,  e.g.,  by  changing  the  arc  injection  location,  the  injection 
angle,  wd  the  number  of  injection  points. 

The  driver  gas  avereige  temperature  and  the  total  efficiency  of  the 
device  have  been  measured.  A  single  thermocouple,  located  neeu*  the  mid- 
section  of  the  driver,  measures  the  driver  gas  average  temperature.  The 
total  efficiency  is  defined  as: 

final  driver  gas  energy 
^t  “  energy  input  to  arc  unit  . 
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It  can  be  shown  that 


I  A’' 

*  t 

j  p. 


(5a) 


The  graphs  for  temperature  as  well  as  for  total  efflcienty  versus  power 
input  are  shown  In  Figures  10  and  11. 


Ihe  gas  enthalpy  at  the  throat  is  high  toward  the  end  of  the  run,  and 
when  the  nozzle  acting  as  a  heat  sink  becomes  saturated,  the  wall  tempera¬ 
ture  of  the  copper  nozzle  can  reach  the  melting  point  very  rapidly.  Erosion 
in  the  fom  of  melting  usually  occurs  for  high-power  runs  when  the  threshold 
enthalj^  level  for  erosion  is  reached  during  the  early  stage  of  a  run. 

Nozzle  erosion  has  been  the  chief  source  of  difficulties  because  a  steep 
rise  in  arc  enthalpy  is  encountered  at  the  end  of  every  run.  Hie  final 
driver  gas  average  temperature  can  be  expressed  as 


T4 


(6) 


idiere  4  Is  the  heat  transfer  rate  to  the  surfaces  of  total  eurea  3.  Quali¬ 
tatively,  4  is  a  function  of  the  gas  teo^rature  and  density;  both  of  idilch 
are  functions  of  time.  It  is  noted  then  for  given  energy  input  the  final 
driver  gas  temperature  is  a  decreasing  function  of  the  dwell  tiae  t.,  if 

U 

other  factors  are  held  constant  in  this  evaluation.  It  is  thus  advantageous 
to  minimize  the  dwell  tine  for  obtaining  high  final  driver  gas  temperature. 

It  has  been  found  that  driver  wall  materials  limit  the  maximum  operating 
temperature  of  the  driver  gas  at  about  3000°K.  Contemporary  materials  (such 
as  developed  for  re-entry  nose  cones)  can  wlthstcud  these  temperatures.  For 
the  arc  heated  driver,  the  hot  gas  from  the  arc  impinges  on  the  driver  walls 
at  the  driver  entrance,  causing  a  severe  local  heating  problem.  It  is  this 
local  heating  that  llsilts  the  final  average  temperature  the  driver  will 
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withstand  without  excessive  local  ablation  of  the  driver  liner.  Short 
dwell  time  Is  thus  necessary  to  minimize  the  material  heating  problem 
and  to  reduce  the  total  heat  transfer  to  the  walls  of  the  driver. 

With  more  sophisticated  arc  unit  design,  such  as  water  cooling  for 
the  arc-  nozzle  and  throat,  the  arc  enthalpy  can  be  Increased.  New  high 
temperc.ture  materials,  such  as  pyrolytic  graphite,  can  be  used  to  protect 
the  driver  walls  from  overheating.  It  is  believed  that  driver  gas  tempera¬ 
ture  In  excess  of  3000°K  can  be  attained  with  such  Improvements. 

VI.  SHOCK  TOBE  EXFERIMENT/VL  RESULTS 

Shock  tube  e:q)erlments  to  evaluate  the  arc -heated  driver  performance 
have  been  made.  At  high  i>ressure  ratios,  the  effects  of  driver  gas  tem¬ 
perature  on  shock  Mach  number  are  greatest.  Hierefore,  the  Initial  shock 
tube  pressures  were  maintained  at  low  values  (O.l  to  0.5  millimeter  Hg) 
in  order  to  keep  the  pressure  ratio  high.  Initial  arc  charge  pressure 
varied  from  200  to  5OO  psi. 

Figure  12  shows  the  maximum  shock  Mach  number  and  the  effective 
temperature  level  obtained  with  the  prototype  arc -heated  shock  tube.  The 
shock  Mach  nimiber  is  plotted  against  the  shock  tube  pressure  ratio  and 
examples  of  the  measured  driver  gas  average  temperature  are  indicated. 

For  comparison,  calculated  curves  of  the  shock  Mach  number  versus  pressure 
ratio  using  Ideed  shock  tube  theory  with  temperature  as  a  peunmeter  are 
superimposed  on  the  same  grid.  !Qie  measured  temperature  values  are  given 
for  a  few  points  to  Indicate  the  level  of  agreement  with  theory.  In  view 
of  the  fact  that  transient  temperature  has  been  measured  with  a  thermo¬ 
couple  at  one  location  in  the  driver,  where  a  temperature  gradient  exists, 
and  the  Ideal  theory  Is  based  on  a  unlfom  driver,  the  temperature  parameter 
cannot  be  adhered  to  rigidly  In  this  comparison.  Capability  of  the  pilot 
model  arc-heated  shock  tube  Is  adequate  for  many  areas  of  aerodynamics 
rese6u*ch,  such  as  low  density  high  enthalpy  aerodynamic  testing.  As  an 
Illustration  of  the  test  conditions  that  can  be  achieved  with  a  shock  wave 
In  air.  Figure  13  shows  a  plot  of  the  stagnation  temperature  and  stagnation 
enthalpy  ratio  versus  shock  Mach  number.  Future  shock  tube  perfozmance 


with  this  driver  heating  method  will  be  highly  dependent  upon  the 
development  of  the  arc  unit.  Tbe  direction  of  such  Improvement  Is 
achievement  of  higher  eurc  enthalpy  and  operating  pressure.  With  the 
use  of  high  temperature  materials  In  the  driver,  eui  Increase  In  driver 
gas  tenqperature  would  be  pemltted  with  a  subseciuent  Improvement  In 
shock  tube  performance. 

VII.  CONCUJSIOir 

Sxperlments  have  shown  that  material  problems  constitute  the  main 
practical  limitation  of  the  attainment  of  very  high  driver  gas  temper¬ 
ature.  Ibe  plaasia-Jet  arc  heating  scheme  in  Its  simple  foxn  Is  satis¬ 
factory  for  the  production  of  driver  temperatiores  up  to  about  3000°K. 
With  Improvements  In  the  arc  unit  cmd  driver  liner  materlskls,  driver 
temperatures  somei^t  exceeding  3000^K  should  be  possible. 
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Fifttr«  2.  General  View  of  tlie  Arc-Heated  Shock  Tube  Facility. 


Figure  3.  Close-up  View  o£  Arc-Driver  Instellatioiis. 
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Figure  4.  Dis«s«embled  View  of  the  Basic  Arc  Unit. 
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Figure  5.  Basic  Arc  Unit  Assembly  Drawing. 
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Figure  6.  Typical  Driver  Pressure  and  Temperature  Records. 
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Figure  7.  Typical  Arc  Current  and  Voltage  Records. 
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Figure  8.  Typical  Arc  Condition  with  Coupling  to  Driver. 


177 
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Figure  9>  Measured  Driver  Temperature  Gradient. 
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Figure  11.  Arc-Driver  Total  £Ifficiency  Versus  Power  Input. 
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Figure  11.  Arc-Driver  Total  Efficiency  Versus  Power  Input. 


180 


Figure  12.  Shock  Tube  Experimental  Results 
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A  METHOD  FOB  THE  MEASUREMENT  OF  AIR  TEMPERATURE 

UNDER  NONEQUILIERIUM  CONDITIONS 

Olof  L.  Anderson 
Iftiited  Aircraft  Ci  ■  wration 


SUMMRY 

A  spectroscopic  method  suitable  for  use  In  shock  tubes  and  other 
test  facilities  has  been  developed  to  measxjre  the  ten^rature  of  air  or 
other  oxygen  bearing  gases  between  300  K  and  4000  K  with  microsecond 
time  resolution.  This  measuring  technique  Is  based  on  the  light  absorp¬ 
tion  properties  of  the  oxygen  molecule  In  the  Schiunann-Runge  continuum 
between  1300  %  and  1700  k.  The  absorption  coefficients  at  1470  k  and 
l60d  k  have  been  simultaneously  determined  from  measurements  In  a  shock 
tube  up  to  3000  K  using  a  2^  oxygen  and  93^  argon  gas  mixture.  The 
experimental  results  demonstrate  that  this  method  can  be  used  to  measure 
the  temperature  of  oxygen  bearing  gases  which  are  not  In  chemical  equilib¬ 
rium,  although  more  development  work  Is  necessary  to  Inwove  the  accuracy 
of  the  present  system. 

INTRODUCTION 

A  major  problem  confronting  experimentalists  working  In  the  field 
of  high- temperature  gas  kinetics  Is  the  measurement  of  temperature, 
especially  when  the  gas  Is  not  In  chemical  equilibrium.  Although  a 
nia]id)er  of  experimented  studies  of  the  specific  reaction  rate  constants 
for  the  dissociation  of  oxygen  have  appeared  In  the  literature  (Ref¬ 
erences  1  and  2),  very  few  experimented  studies  have  been  made  to  verify 
the  theory  of  noneqiilllbrlum  flow  In  nozzles  (References  3,  4,  and  3)» 
hypersonic  boundary  layers  (Reference  6)  and  other  related  problems. 

Since  temperature  Is  an  Important  property  of  nonequilibrium  flows, 
methods  of  measuring  this  property  would  be  of  considerable  use  In  such 
experimental  studies. 
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A  number  of  Investigators  have  reported  recently  on  the  use  of  an 
ultraviolet  light  absorption  technique  to  measure  the  concentration  of 
oxygen  molecules  during  dissociation  (References  7  and  8) •  The  object 
of  the  studies  reported  herein  was  to  develop  a  method  for  extending 
the  ultraviolet  light  absorption  technique  to  measure  the  tenqperature 
of  air  during  dissociation  or  recombination. 

lOTSICAL  FRINCIPIES  INVOLVED  IN  THE  METHOD 
Nonequilibrium  Flow 

In  general,  a  temperature  cannot  be  defined  for  a  gaa  unless  the 
g&s  Is  In  thermodynamic  equilibrium.  However  for  many  gases,  the  inter¬ 
nal  degrees  of  freedom  are  weakly  coupled.  Hence  It  Is  possible  for 
some  Internal  degrees  of  freedom  of  the  gas  to  be  In  ’’equilibrium"  and 
not  others.  ’’Equilibrium"  In  this  sense  means  that  the  energy  states 
of  that  particular  degree  of  freedom  are  distributed  euscordlng  to  the 
laws  of  equilibrium  statlstlcsil  mechanics.  Thus  If  a  diatomic  gas  Is 
In  vibrational  equilibrium,  the  population  In  the  J^^  energy  state  Is 
given  by 

J  •  «xp  (-  J  -  =.p  (-  ^)]-  w 

where  9^  Is  the  characteristic  vibrational  temperature  of  the  diatomic 
molecule  and  T^  Is  defined  as  the  vibrational  temperature  of  the  gets. 

Furthermore,  It  has  been  experimentally  verified  that  under  most 
conditions,  the  translational,  rotational,  and  vibrational  degrees  of 
freedom  of  a  gu  relax  to  an  equilibrium  state  much  more  rapidly  than 
the  molecules  dissociate  or  recosiblne.  As  an  example,  from  Reference 
7,  It  Is  estimated  that  at  4000  K  vibrational  relaxation  Is  90  times 
more  rapid  than  dissociation  or  reconiblnatlon  relaxation  and  the 
translational,  rotational,  and  vlbratlonsLl  degrees  of  freedom  are  In 
equilibrium  with  each  other  and  their  teoqwratures  are  Identical. 
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These  two  facts  Justify  the  use  of  the  vibrational  temperatvire  as 
a  thermometer  to  measure  the  temperature  of  a  gas  when  the  gas  is  not 
in  chemical  eq,ulllbrium.  Thus  as  a  gas  recombines,  the  heat  of  forma¬ 
tion  of  the  reaction  is  released  and  is  absorbed  in  the  remaining  degrees 
of  freedom.  These  degrees  of  freedom  then  instantaneously  relax  to  a  new 
"equilibrium"  state  at  a  higher  temperature  which  is  identical  to  the 
vibrational  temperature. 

Light  Absorption  in  The  Schtimann-Runge  Continuum 

The  oxygen  molecule  has  a  strong  absorption  continuum  in  the  ultra¬ 
violet  region  between  IJOO  X  and  I7OO  X.  This  absorption  continuum  is 
due  to  the  bound-free  transition  from  the  various  rotational  and  vibra¬ 
tional  levels  of  the  ground  state  shown  in  Figure  1  to  the 

^  u  upper  electronic  state  which  immediately  dissociates  to  one 
normal  and  one  excited  atom.  A  discussion  of  this  process  and 
the  calculation  of  the  absorption  coefficient  is  given  in  References  9 
and  10.  A  simplified  treatment,  using  the  reflection  method  which  is 
developed  in  Reference  9j  yields  the  result  that  the  absorption  coeffi¬ 
cient  of  the  oxygen  molecule  can  be  written  in  the  following  form, 

\  =  z;,  •  jCw  »p  (-  j  -  “-p  (-  ^)j  (2) 

where  the  summation  is  over  the  vibrational  energy  states  in  the  ground 
electronic  state.  Hence  the  absorption  coefficient  is  a  function  of  the 
vibrational  tenqerature  of  the  oxygen  molecules  and  the  mole  concentra¬ 
tion  of  oxygen  molecules. 

The  absorption  coefficient  is  related  to  the  measured  light  Intensity 
by  the  Lambert -Beer  law. 


in  ^  (n,  T^)i 


(3) 


* 


186 


It  can  "be  shown  from  Eq,uations  (2)  and  (3)  that  the  ratio  of  the  absorp¬ 
tion  coefficients  at  two  different  wave  lengths  in  the  Schvunann-Runge 
continuxim  is  a  function  only  of  vibrational  temperature. 
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The  absorption  coefficient  was  calculated  as  a  function  of  wave 
length  and  temperature  by  the  reflection  method  using  some  spectroscopic 
constants  from  Reference  10.  As  shown  in  Figure  2,  the  peaks  of  these 
absorption  curves  occur  at  about  l470  %  and  are  a  very  strong  function 
of  temperature.  However,  at  about  l6o8  X,  the  absorption  coefficient  is 
almost  insensitive  to  temperature.  These  two  wave  lengths  were  therefore 
selected  for  the  absorption  measurements. 

DESCRIPTION  OF  EXPERIMENTAL  BQUIFMBNT 

A  diagram  of  the  experimental  apparatvis  is  shown  in  Figure  5.  The 
ultraviolet  light  source  consists  of  a  hydrogen  glow  discharge  tube  with 
a  lithium  fluoride  window.  The  discharge  tube  is  operated  at  a  few  mm 
of  hydrogen  pressure  with  2000  V  8u:ross  the  electrodes  and  is  pulsed  for 
200  microseconds  at  3  amps.  A  vacuum  ultraviolet  monochromater,  which 
is  used  to  select  the  proper  wave  lengths  of  light,  contains  all/2 
meter  replica  diffraction  grating  which  has  a  dispersion  of  6.9  X/mm  and 
a  theoretical  resolution  of  .02  X.  The  grating  has  an  aluminum  coating 
with  a  magnesium  fluoride  overcoating  and  a  blaze  angle  chosen  to  provide 
maximum  reflectance  in  the  ultraviolet  region  between  1000  X  and  2000  X. 
Two  photomultiplier  tubes,  coated  with  sodium  salicylate,  are  mounted 
inside  the  monochromater  to  monitor  the  light  intensity  at  l470  X  and 
l608  X.  The  output  of  the  photomultiplier  tubes  passes  throvigh  a  cathode 
follower  and  is  then  displayed  on  a  dual  beam  oscilloscope  where  it  is 
photographed  with  a  PolekTOld  camera.  The  gas  is  heated  in  a  1  l/2-in. 
dia  metal  shock  tube  with  a  helium  driver. 


DISCUSSION  OF  LIGHT  ABSORFTION  MBASUREMEIITS 

The  absorption  coefficient  of  oxygen  at  l470  %  and  1608  %  vas 
determined  from  measvirements  In  the  1  l/2-ln  dla  shock  tube  for  a 
range  of  temperatures  between  300  and  5000  K.  The  results  of  these 
measurements  are  shown  In  Figures  4  and  5  for  a  test  gas  having  a 
mixture  of  2^  oxygen  and  961^  argon.  The  large  concentration  of  argon 
was  used  to  provide  a  constant  temperature  heat  bath  In  which  the  oxygen 
molecules  dissociated.  The  temperature  was  calculated  from  the  measured 
shock  Mach  number  and  the  Ranklne-Hugonlot  shock  relations  assuming 
vibrational  equilibrium. 

The  ratio  of  the  absorption  coefficients  Is  a  function  only  of  the 
vibrational  temperature  (Equation  (4)  )  and  Its  value  will  change  during 
vibrational  relaxation.  VThen  the  vlbratloncLL  degrees  of  freedom  of  the 
oxygen  molecule  reach  equilibrium  with  the  argon  heat  bath,  the  vlbra- 
tlonsLl  temperatijre  and,  hence,  the  ratio  of  absorption  coefficients 
remains  constant.  At  temperatures  above  2000  K  dissociation  of  the 
oxygen  molecules  occurred  and  the  measurements  of  absorption  coefficients 
were  made  under  chemical  nonequilibrium.  However,  all  absorption  measure¬ 
ments  used  for  ceQ.lbratlon  were  taken  in  a  vibrationedly  relaxed  gas. 

The  exi>erlment8J.  data  shown  in  Figure  4  substantiates  the  general 
conclusions  obtained  from  the  theory;  i.e.,  the  absorption  coefficient 
at  1470  X  Is  very  sensitive  to  temperature  changes  while  the  absorption 
coefficient  at  1608  X  is  Insensitive  to  temperature.  As  shown,  there  is 
scxiie  scatter  of  the  data  and  more  development  work  Is  necessary  to  Improve 
the  accuracy  of  the  measurements. 

The  tenqeratvure  ceLLlbratlon  of  the  equipment  is  shown  in  Figure  5. 
When  the  ceLllbratlon  curve  Is  determined,  the  si>ectroscope  method  can  be 
used  to  measure  temperatures  euid  mole  concentrations  of  oxygen  under 
nonequlUbrlum  conditions  when  both  the  temperature  euid  composition  of 
the  gas  vary  with  time.  Above  4000  K  the  mee«ured  curve  of  the  ratio  of 
absorption  coefficients  as  a  function  of  temperature  decreeises  slowly 
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with  Increeislng  temperature  and  the  error  In  measuring  temperature 
becomes  more  than  foirr  times  the  error  In  measuring  the  absorption 
coefficients.  Therefore,  temperature  measurements  using  this 
spectroscopic  method  above  4000  K  are  not  believed  practical. 

SYMBOIS 

I  Light  Intensity  leaving  test  section 

Light  Intensity  entering  test  section 
Absorption  coefficient,  cm"^ 

£  Light  path  length,  cm 

-5 

n  Mole  concentration  of  oxygen  (cm  ■^) 

n^  Mole  concentration  of  oxygen  at  standard  conditions  (cm"^) 

-3 

N  Number  density  of  molecules,  cm 

Nj  Number  density  of  molecules  In  vibrational  state 
Vibrational  temperature,  degrees  K 

a  Ratio  of  absorption  coefficients 

Characteristic  vibrational  temperature  of  oxygen  (2228  K) 

V  Wave  length,  angstroms 
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THE  CALCUIATION  AND  MEASUREMENT  OP 


CENTERLINE  PLOW  GRADIENTS  IN  AXISXMMETRIC  DUCTS 

A 

Solomon  Clolkowskl 

Grumman  Aircraft  Engineering  Corporation 

♦ 

ABSTRACT 

nils  paper  is  coneemed  with  some  characteristic  properties  of 
compressible  flows  through  axlsymmetrlc  ducts  of  varying  cross  section. 

A  simple  technique  is  developed  for  obtaining  the  angularity  and  Mach 
niimber  gradients  along  the  centerline  of  axlsymmetrlc  ducts  of  variable 
cross  section.  In  particular,  relationships  are  obtained  between 
angularity  and  Mach  number  gradients.  G^e  results  are  then  used  to 
analyze  the  angularity  euid  Mach  nvimber  gradients  in  conical  nozzles. 

Experiments  have  been  performed  to  obtain  centerline  flow  gradients  by 
means  of  the  theory  described. 

INTRODUCTION 

In  studying  nonvlscous,  compressible  fluid  flows  through  axl- 
symmetric  ducts  of  variable  cross  section  it  is  often  desirable  to 
describe  the  flow  behavior  along  and  away  from  the  axis  of  synasetry. 

The  gradients  of  the  Mach  number  and  flow  angularity  eu:«  often  required 
to  determine  the  usefxolness  of  these  ducts.  Biis  note  is  concerned  with 
the  aneilysls  of  the  angularity  and  Mach  number  gradients  along  the  center- 
line  of  axlsymmetrlc  ducts  of  variable  cross  section.  Axisynmetrlc  wind 
tunnel  nozzles,  rocket  exhaust  nozzles,  shock  tubes,  wd  shock  tube  wind 
tvinnels  are  all  examples  of  these  ducts. 

ANALISIS  OP  IHE  PROBLEM  ^ 

The  equations  describing  the  isentropic  flow  of  a  compressible 
fluid  arc 

+  V  •  (^)  =  0  (1) 
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P  =  p(p,  s) 

S  =  const • 


(2) 

(5) 

{^) 


where  p  is  the  density,  p  the  pressure,  ^  the  velocity  vector,  and 
S  is  the  entropy.  This  note  treats  steady  ax;L symmetric  flows.  Hie 
co-ordinate  system  used  is  formed  by  the  streamlines  and  the  curves 
normal  to  them  with  the  x-axis  as  the  axis  of  symmetry.  Because  of 
symmetry,  the  x-axis  is  a  streamline.  Let  6  be  the  distance  aJ.ong  the 
streamline  and  t|  the  distance  normal  to  the  direction  of  I. 


Hie  equations  in  this  co-ordinate  system  become  (see  Reference) 


Sp  _ 

M  -  ■ 


n  ^ 


sin  d 


(5) 


Sq  _  1  ap 

■  p  ^ 

(6) 

d©  1  ap 

■  p^ 

(7) 

p  =  p(p,S) 

(8) 

S  =  constant 

(9) 

where  0  is  the  angle  between  the  streamline  and  the  x-axis,  q  the 
absolute  velocity,  and  r  is  the  distance  from  the  x-axis. 

On  the  centerline  (i.e.,  the  x-axis)  the  equations  beccxne 


Combining  Equations  (lO)  and  (ll) 


1 


1  Sp 

7 


(15) 
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CONICAL  NOZZLE 


%■ 


For  the  case  of  a  conical  nozzle,  Equation  (17)  becomes  simply 

=  i 

^  L 


(19) 


where  L  is  the  length  of  the  cone  from  its  generating  apex.  Thus,  the 
angularity  gradient  is  a  function  only  of  the  length  of  the  conical 
nozzle . 

For  a  perfect  gas  the  Mach  number  gradient  can  be  obtained  by  using 
the  relationship 

2 

2  ®'0 

M 

and  Equation  (l8).  It  follows  that 

2 

dq  1  %  1 

®  ^  7-1  .  1  ^  ? 


M 


so  that  using  Eqxiation  (l8) 

,5 


dM  g 


W 


7-1  ^  1 


1  ^ 
R  dx 


(20) 


M  -  1 

so  that  for  large  M  one  obtains  the  approximate  relationship 


Accordingly, 


^  -  (y.l)  M 

(jx  ^  U  i;  L  ' 


In  order  to  provide  some  feeling  for  the  magnitude  of  the  angularity 
and  Mach  number  gradients,  consider  a  conical  nozzle  with  exit  diameter 
of  1.5  feet  and  12.5°  semiangle  with  exit  M=15,  7  =  1.61<-.  Neglecting  the 
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boundary  layer,  this  nozzle  will  produce  a  flow  3-5/^^-  inches  from  its 
exit  with  an  angiilarity  gradient  at  the  centerline  of  bQ/hr  =1.29 
degrees  per  inch.  The  Mach  number  gradient  is  approximately  dM/dx  =  0.188 
per  inch. 

EXPERIMENTS 

The  Research  Department  of  the  Grumman  Aircraft  Corporation  has  a 
shock  tunnel  which  contains  a  conical  nozzle  with  exit  diameter  of 
1.5  feet  and  12.5  degree  semiangle.  The  nozzle  is  shown  in  Figure  1. 

It  is  driven  by  a  3-inch  internal,  diameter  shock  tube  shown  in  Figure  2. 

An  e:q)eriment  was  devised  to  use  the  results  obtained  in  this  paper 
to  determine  the  nature  of  the  flow  gradients  in  the  test  section  of 
this  nozzle.  Part  of  the  model  is  shown  in  Figure  3.  It  is  made  up  of 
eight  l/k-inch  ball  bearings  and  one  1-inch  ball  bearing  supported  by 
l/8-inch  steel  rods.  The  large  ball  bearing  is  at  the  center.  Ihe 
sucis  of  each  rod  is  1.2 5  inches  from  the  next.  The  leading  edge  of  the 
center  ball  was  placed  3-3/4  inches  downstream  of  the  exit  pleme  of  the 
nozzle.  At  this  location  the  Mach  number  of  the  flow  is  13.  Hie  Mach 
number  was  determined  by  measuring  total  pressure  and  then  determining 
fran  a  real  gas  calculation  the  free  stream  Itech  number. 

Assuming  that  the  flow  remains  conical  after  leaving  the  nozzle 
we  obtain 


d©  ^  1 
3r  L 


in  units  of  radians  per  unit  length  so  that  since  L  =  44.35 

dO 

^  =  1.29  degree  per  inch. 


(21) 


In  Figure  4  we  have  graphed  the  predicted  centerline  angularity 
gradient  as  a  function  of  distance  along  the  centerline  from  the  apex 
of  the  generating  cone.  By  examining  the  line  of  symmetry  of  the  shock 
pattern  at  each  ball  we  can  obtain  the  local  suigularity.  The  schlieren 
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of  the  flow  in  Figure  5  indicates  that  the  angularity  gradient  is 
approximately  l.l6  degrees  per  inch  when  this  technique  is  applied. 
In  addition  using  the  shock  displacement  distance,  A,  on  the  large 
l-inch  ball  and  the  formula 

(R  +  » 2  zii 

A(R  +  |)  ^ 

(see  the  appendix)  we  have  that  y  =  I.65.  Accordingly  since 


we  obtain 

^  =  0.1689/inch  (22) 

versus  O.I905  predicted  by  using  Equation  (21). 

In  Figxire  5  we  have  run  another  experiment  using  l/li  inch  spheres 
only.  In  this  case  we  obtain  an  angularity  gradient  of  1.14-  degrees 
per  inch  which  indicates  that  in  this  experiment  the  Mach  number  gra¬ 
dient  was  0.206  per  inch.  The  spheres  in  this  experiment  were  placed 
1/2  inch  from  the  exit  plane  of  the  nozzle.  The  use  of  the  theory, 
however,  permits  us  to  determine  the  Mach  number  gradients  from  the 
measurement  of  ang\ilarlty  gradients  Guid  Mach  number.  In  the  same  way 
we  can  determine  the  value  of  the  angularity  gradients  frcm  measurements 
of  Mach  number  gradients. 

CCWCLUSICW 

The  analysis  of  the  centerline  flow  gradients  in  a  nozzle  is  carried 
out.  Equations  are  developed  for  determining  approximately  the  nature 
of  the  flow  gradients  along  the  centerline  of  variable  ducts.  These 
equations  can  be  used  to  evBJ.uate  the  performance  of  different  types  of 
nozzles . 
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Experiments  are  described  In  which  the  results  are  used  to  determine 
the  characteristics  of  the  Grumman  Hypersonic  Shock  Tunnel  nozzle. 

Because  the  boimdary  layer  growth  in  the  nozzle  was  not  taJcen  into 
account,  the  predicted  gradients  are  too  large.  However,  the  measurements 
indicate  that  the  approximate  theory  is  valid. 


SYMBOLS 


a  speed  of  sound 

p  pressure 

q  velocity 

r  radius  in  cylindrical  co-ordinate  system 
X  axial  distance 

A  cross-sectional  area 

L  length  from  apex  of  generating  cone  of  conical  nozzle 
to  the  exit 

M  Mach  number 

R  duct  radius 

5  entropy 

p  density 

6  co-ordinate  along  streamline 

T)  co-ordinate  normal  to  streamline 

6  euigle  between  velocity  vector  and  axis 

(  )q  quantity  evaluated  at  q  =  0 

(  quantity  evaluated  in  region  i 

A  shock  displacement  distance 
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APPENDIX 


To  determine  the  relationship  between  shock  displacement  distance 
and  the  effective  value  of  of  the  flow  Impinging  in  a  sphere  of 
radius  R  we  look  at  the  conservation  of  mass. 

The  mass  flow  Impinging  on  the  sphere  is  (see  Figure  6) 

It  pR  +  A)  sin  ^  ^  . 

The  mass  flow  out  of  region  2  through  the  cone  of  angle  9  is 

P2U2  sin  fiA2it(R  +  sin  9 
Equating  these  two  mass  flows  we  obtain 

(R  +  A)^  =  2  ^ 

A(R  +  |)  ^1 

For  large  Mach  nxmibers 


so  that  we  obtain  in  the  limit  as  M  —>00 


IBESSURE  AND  HEAT-TRANSFER  INSTRUMENTATION  USED 
IN  THE  NOL  HYPERSONIC  SHOCK  TUNNELS 

Philip  M.  Aronson 
U.  S.  Naval  Ordnance  Laboratory 


ABSTRACT 

A  brief  description  of  the  NOL  Hypersonic  Shock  Tunnel  performance 
capabilities  is  presented  in  this  paper.  Major  emphasis  is  given  to  a 
discussion  of  the  pressxire  and  heat-transfer  instrumentation  used  in 
the  shock  timnel  facilities  at  low  and  high  pressures.  Two  types  of 
pressure-sensitive  devices  used  in  measuring  shock  velocities  in  the 
driven  gas  are  reported.  A  description  of  the  system  currently  used 
in  the  shock  tiuinel  facilities  to  obtcdn  combustion  in  oxygen-hydrogen- 
helium  drivers  with  minimum  likelihood  of  detonation  is  also  discussed. 
Finally,  some  "anomalies”  obtained  in  the  test  section  flow  are  reported. 

INTRODUCTION 

The  hypersonic  shock  tunnel  has,  in  recent  years,  become  a  very 
important  tool  in  aerodynamic  research.  The  vsJ-ue  of  this  facility 
depends  to  a  large  extent  on  the  accuracy  with  which  one  knows  and  can 
determine  the  gas  dynamical  variables  of  the  flow  which  it  generates. 

The  accuracy  of  a  measurement  is  itself  sometimes  very  difficult  to 
determine,  and  in  the  shock  tunnel  it  is  further  complicated  by  the 
presence  of  high  heating  rates,  ionization,  acceleration,  erosion, 
tvirbulence,  and  shockwaves.  The  type  or  magnitude  of  the  problems 
which  axiy  Investigator  faces  with  regard  to  the  measurement  of  pres- 
svire,  for  exan^le,  depends  on  the  conditions  \mder  which  the  pressure 
gages  are  to  be  used  within  the  given  facility.  Also,  gages  which  are 
well-adapted  for  use  in  one  shock  tunnel  may  be  inappropriate  in  another 
for  such  reasons  as  poor  frequency  response,  low  sensitivity,  lack  of 
niggedness,  improper  physical  dimensions,  etc.  It  is  appropriate,  there¬ 
fore,  that  a  brief  description  of  the  conditions  encovmtered  in  the  NOL 
Shock  Txumels  be  given  first  before  any  discussion  is  begun  on  the  pres¬ 
sure  and  heat-transfer  instrumentation  used  in  them. 
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TYPICAL  OPERATING  CONDITIONS  FOR  THE  SHOCK  TUNNEIS 


At  the  present  time  there  are,  in  the  Gas  Dynamics  Division  at  the 
Naval  Ordnance  Laboratory,  fovtr  hypersonic  shock  tunnels.  Three  of  these, 
the  20-nnn,  the  1.5- in.  No.  1,  and  the  4-ln.  No.  3>  are  ai  1  operated  as 
non-ref lected  or  straight-through  type  facilities.  The  other  shock 
tunnels,  knovn  as  the  1.5- in.  No.  2,  is  capable  of  being  operated  in 
either  a  reflected  or  non-reflected  fashion.  Both  the  20-mm  and  1. 5- in. 

No.  2  Shock  Tunnels  rely  on  cone  nozzles  for  expanding  the  shock-compressed 
working  gas.  In  contrast  to  this,  the  4-in.  No.  3  and  1.5-in.  No.  1  Shock 
Tunnels  utilized  free- Jet  expansion  to  provide  the  necessary  wind-tunnel 
operation. 

The  testing  times  for  the  NOL  Shock  Tunnels  in  their  present  form 
vary  from  approximately  250  to  2,500  microseconds.  These  times  depend 
on  facility,  mode  of  operation,  and  loading  conditions. 

The  table  shown  in  Figure  1  lists  some  typical  operating  conditions 
for  the  NOL  Hypersonic  Shock  Tunnels.  Values  are  given  for  both  straight- 
through  and  reflected-shock  modes  of  operation.  M  refers  to  the  Mach 
number  of  the  incident  shock-wave  as  obtained  from  a  measurement  of  shock 
velocity  at  the  muzzle  end  of  the  low-pressure  chamber.  is  the  peak 
pressure  measured  in  the  high-pressure  chamber  at  a  distance  of  3  inches 
from  the  main  diaphragm  during  the  burning  of  the  driver  gas  mixture. 

P^  represents  the  loading  pressure  of  the  working  gas  in  the  low  pressiore 
chamber.  The  working  gas  is  air  for  all  cases  considered  in  this  paper. 

Pg  is  the  pressure  measured  immediately  behind  the  shockwave  at  the  muzzle. 
On  the  other  hand,  P^  is  the  pressure  measured  immediately  behind  the 
reflected  shockwave  at  the  muzzle.  Since  measurements  of  Pitot  pressure 
have  been  carried  out  at  the  muzzle  and  in  the  test  section,  both  values 
are  listed  in  the  table. 

It  is  evident  that  pressure  varies  over  an  extreme  range  of  values 
in  the  shock  tunnels,  from  .022  psi  to  55,000  psi.  To  cover  this  range  of 
pressures  two  types  of  pressure  gages  have  been  developed  at  the  Naval 
Ordnance  Laboratory.  They  are  the  piston-type  pressure  gage  and  the 


double-crystal  acceleration-compensated  gage.  The  double-crystal  pres- 
siore  gage  is  intended  for  use  below  500  psi.  Tests  conducted  in  a 
shock  tube  have  shown  that  the  gage  is  capable  of  compensating  for 
acceleration  quite  effectively.  However,  in  the  shock  tunnel  environ¬ 
ment  during  a  run,  conditions  are  such  as  to  cause  erosion  of  the  gage 
potting  material.  Ceillbrations  of  the  double -crystal  pressure  gage 
before  and  after  a  run  have  produced  deviations  as  much  as  20  percent. 
Because  of  this  large  change  in  the  calibration,  new  potting  materials 
must  be  investigated.  Since  the  double-crystal  pressure  gage  is  still 
in  a  stage  of  development,  no  further  mention  of  it  will  be  made  in  this 
paper. 

THE  PISTON-TYPE  HffiSSURE  GAGE 

The  piston-type  pressure  gage  is  used  for  measuring  pressures  over 
the  range  of  2  psi  to  100,000  psi.  Its  main  characteristics  are  simpli¬ 
city  of  design  and  construction,  ruggedness,  reliability,  and  a  high 
natural  frequency.  A  very  important  feature  of  this  gage  is  that  erosion 
at  the  piston  face  has  no  effect  on  its  calibration.  As  shown  in  Figure  2, 
erosion  can  be  a  serious  problem  in  the  shock  tunnel,  especisG-ly  when  the 
txinnel  is  oi)erated  so  as  to  provide  high  Reynolds  number  flow  in  the  test 
section.  The  erosion  which  appears  in  the  photograph  is  around  gage  holes 
located  in  the  wall  of  a  steel  muzzle  nut.  This  piece  was  removed  from 
the  muzzle  end  of  the  low-pressure  chamber  of  the  1. 5-in.  Shock  Tunnel 
No.  1  after  having  been  in  use  for  about  50  firings.  It. was  subsequently 
cut  in  half  to  make  the  erosion  more  visible.  So  long  as  gages  eure  not 
made  perfectly  flush  with  the  bore  of  the  low-pressure  section,  serious 
erosion  can  develop  around  the  gage  holes.  The  piston- type  pressure  gage,  » 
unlike  most  diaphragm- type  gages,  is  capable  of  flush  mounting.  Curvature 
at  the  piston  face  in  no  way  affects  its  operation. 

A  sketch  of  a  piston-type  pressinre  gage  having  a  flat  piston  face  is 
shown  in  Figvire  5.  It  is  machined  from  a  single  piece  of  stock  and 
consists  of  a  piston,  a  column,  and  a  threaded  base  which  serves  only  to 
anchor  the  gage.  As  can  be  seen  from  the  front  view,  the  cross  section  of 
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the  column  is  square  or  rectangular.  The  sensing  elements  for  the  gage 
are  strain  gages  which  are  bonded  to  the  faces  of  the  column.  The  amount 
of  strain  which  the  coliimn  experiences  when  pressure  is  applied  to  the 
piston  is  dependent  on  the  ratio  of  the  areas  of  the  piston  and  column. 

For  steel  and  some  other  metals,  the  strain  is  directly  proportional  to 
pressure  over  a  wide  range.  To  compensate  for  any  bending  of  the  column 
while  pressure  is  being  applied  to  the  piston  face,  two  strain  gages  are 
placed  at  similar  positions  on  opposite  faces  of  the  column.  Electrically, 
they  may  be  wired  in  series  and  placed  in  a  potentiometric  circuit  or  in 
one  arm  of  a  Wheatstone  bridge,  or  they  may  be  placed  individually  in 
opposite  arms  of  the  bridge.  In  those  instsuices  where  the  duration  of  the 
pressure  measurement  is  sufficiently’  long  for  temperature  to  cause  a 
change  in  the  dimensions  of  the  column  and  a  resistance  change  in  the 
strain  gage,  gage  accuracy  can  be  maintained  by  means  of  temperature 
compensation.  Several  types  of  temperature-compensated  strain-gage 
elements  are  available  commercially,  but  the  temperature  range  over  which 
compensation  is  achieved  is  somewhat  limited.  A  much  wider  range  of 
compensation  is  obtainable  when  two  additional  uncompensated  strain  gages 
are  bonded  to  the  two  unused  faces  of  the  column  and  positioned  so  as  to 
measiire  treuisverse  strain.  Temperature  compensation  is  achieved  when 
each  of  the  four  strain-gage  elements  is  electrically  connected  as  em  arm 
of  a  Wheatstone  bridge. 

Some  type  of  pressure  seal  is  required  for  the  satisfactory  operation 
of  these  piston- type  pressure  gages.  As  shown  in  Figure  5  provision  is 
made  for  an  0-ring  seal  around  the  piston. 

The  equations  which  determine  the  sensitivity  or  voltage  output  of 

the  bending-compensated  two-element  pressure  gage  to  a  given  applied 

pressure  appear  in  Figure  4.  The  first  equation  is  the  stress-strain 

relation  with  E  being  Young’s  modulus  of  elasticity.  A  and  A  are  the 

P  ^ 

areas  of  the  piston  and  column  respectively.  Equation  (2)  defines  the 
gage  factor  for  the  strain  gage.  R  is  the  resistance  of  a  single  strain- 
gage  element.  The  third  equation  is  obtained  from  equations  (l)  and  (2). 


Eq[uation  (4)  expresses  the  voltage  obtained  from  a  Wheatstone  bridge 
which  Initially  has  been  balanced  and  in  which  two  opposite  arms  contain 
active  elements.  The  simplicity  of  this  equation  is  due  to  the  omission 
of  second  order  terms.  Finally,  equation  (5)  results  from  a  combination 
of  equations  (5)  and  (4).  For  a  given  bridge  supply  voltage  V,  the  last 
equation  shows  that  the  output  of  the  bridge  is  directly  proportional  to 
the  ratio  of  areas  of  piston  and  column  and  to  the  gage  factor  of  the 
strain  gage.  It  is  inversely  proportional  to  Young’s  modulus  of  elasti¬ 
city.  If  the  pressure  gage  is  made  of  steel  and  a  piston-to-column  area 
ratio  of  3  is  used,  for  a  bridge  supply  voltage  of  12  volts,  a  pressure- 
gage  sensitivity  of  1.2  microvolts  per  psi  can  be  expected.  In  this 
case  a  gage  factor  of  2  has  been  assumed.  The  gage  sensitivity  can  be 
Increased  substeuitially  by  employing  the  semiconductor  strain-gage 
element  which  has  a  gage  factor  of  120.  Further  Increase  can  be  obtained 
by  using  metals  such  as  magnesium,  aluminum,  beryllium  copper,  etc.,  which 
have  smaller  elastic  moduli.  Although  the  signals  from  these  pressure 
gages  are  quite  low  in  amplitude,  considerable  amplification  can  be 
employed  before  signal-to-noise  ratio  becomes  a  problem. 

A  photograph  of  four  piston- type  pressure  gages  is  shown  in  Figure  5* 
The  largest  gage  is  made  of  aluminum  and  has  semiconductor  elements  bonded 
to  two  fEu:es  of  the  colimui.  Its  range  of  operation  is  from  2  to  1,000 
psi,  euid  as  such  it  is  extremely  useful  in  test-section  Pitot-pressiire 
measurements.  Its  large  size  is  due  to  the  physical  dimensions  of  the 
strain  gage.  A  reduction  in  the  size  of  these  elements  has  been  announced 
recently  by  the  manufacturer,  and  plans  have  already  been  mEuie  for 
employing  the  new  units  on  smaller  gage  bodies.  The  next  largest  gage 
appearing  in  the  photograph  is  used  to  measure  combustion  pressure  in  the 
driver  chamber  and  pressure  in  the  driven  section.  It  is  made  of  steel, 
has  foil  strain  gage  elements,  euid  is  capable  of  measuring  pressure  as 
high  as  100,000  psi. 

A  theoretical  discussion  of  the  natural  frequency  of  the  plston- 
type  pressure  gage  appears  in  reference  (2).  Most  of  these  gages  have 
been  found  to  have  a  ringing  frequency  of  40  to  50  KC.  Because  the 
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piston  gages  are  somewhat  imderdamped,  a  simple  hC  filter  having  a 
50-microsecond  time  constant  is  used  to  reduce  the  ringing  which  is 
generally  present  when  the  gage  is  shock  loaded.  These  piston- type 
pressure  gages  are  calibrated  statically  against  a  Heise  Bourdon  tube 
gage  having  an  accuracy  of  l/lO  percent  of  full  scale. 

Typical  calibration  curves  for  two  similar  steel  piston- type  pres¬ 
sure  gages  are  plotted  in  Figure  6.  is  the  voltage  obtained  from 

the  Wheatstone  bridge  when  one  arm  of  the  bridge  having  a  nominal 
resistance  of  120  ohms  is  shunted  with  a  10,000  ohm  resistor.  In  order 
to  show  that  no  hysteresis  is  present  in  the  calibration,  data  points 
for  both  increasing  and  decreasing  pressure  have  been  plotted  for  gage 
A56.  It  should  be  noted  that  the  calibration  of  gage  A65  coincides 
with  that  of  gage  A56  within  1.5  percent.  Although  it  is  not  shown  on 
the  plot,  the  theoretically  predicted  curve  lies  halfway  between  the 
two  lines.  This  shows  the  degree  of  quality  control  possible  in  the 
gage  manufacture.  Since  the  sensitivity  of  the  pressure  gage  is 
dependent  on  the  cross-sectional  area  of  the  piston,  but  not  on  its 
shape,  the  piston  face  can  be  contoured  without  affecting  gage  calibra¬ 
tion.  Contouring  permits  a  flush  fit  with  the  inner  wall  of  shocktubes 
having  a  circular  cross  section. 

The  contoured  piston-type  pressure  gage,  unlike  the  flat-feuied  gage 
shown  in  Figure  5,  is  made  in  two  parts.  To  permit  perfect  gage  align¬ 
ment  with  the  bore,  the  threaded  end  is  machined  as  a  separate  part. 

It  then  acts  as  a  retaining  screw. 

A  comx)arison  of  dynamic  and  static  calibrations  for  an  alumlnvim 
piston- type  pressure  gage  is  shown  in  Figure  J.  The  dynamic  calibration 
appears  to  be  fairly  linear.  The  static  calibration,  on  the  other  hand, 
deviates  somewhat  from  the  straight  line,  especially  for  increasing 
pressures.  The  semiconductor  strain  gages  which  are  bonded  to  the 
aluminvun  column  are  not  temperatxire  self -compensated.  The  deviations 
from  the  straight  line  observable  at  the  low-pressure  end  of  the  plot 
are  due  largely  to  small  fluctuations  in  temperature.  At  high  pressures 


the  effect  of  temperature  becomes  relatively  smaller,  and  the  deviation 
from  linearity  becomes  less  pronounced.  Because  these  pressure  gages 
are  intended  for  dynamic  pressure  measurements  only,  the  error  in  a 
measurement  due  to  temperature  fluctuation  shoixld  be  negligible. 

SHOCK-VELOCITY  MEASUREMENTS 

There  are  a  number  of  ways  of  measuring  shock  velocity  in  the  work¬ 
ing  gas.  One  such  method  involves  the  use  of  ionization-sensitive  probes. 
These  probes  are  extremely  simple  in  construction  and  can  be  made  to  be 
quite  rugged.  However,  they  are  unreliable  at  shock  Mach  numbers  below 
4.5  due  to  the  limited  amount  of  ionization.  At  higher  Mach  numbers  an 
erroneous  shock-velocity  measurement  is  obtained  when  these  probes  are 
used  near  the  muzzle  end  of  the  low-pressure  chamber  and  a  short  distance 
from  the  second  diaphragm.  As  shown  in  Figure  8,  the  data  points 
obtained  with  the  ionization-sensitive  probes  at  the  200-caliber  distance 
deviate  considerably  from  the  extended  curve.  According  to  these  points 
the  shock  velocity  increases  at  the  muzzle.  On  the  other  hand,  when  the 
last  two  ionization-sensitive  probes  are  replaced  with  pressure-sensitive 
shock  detectors,  the  data  obtained  at  the  200-caliber  distance  appear  to 
fall  in  line  with  the  extended  attenuation  curve.  In  this  case  no 
increase  in  shock  velocity  is  observed  at  the  muzzle.  The  error  in  the 
shock- velocity  measurement  is  I6  percent  when  ionization-sensitive  probes 
are  used  in  the  last  two  stations  which  are  only  7  inches  apart.  Since 
these  stations  are  located  very  near  the  second  diaphragm,  which  is  steel, 
it  is  quite  possible  that  the  ionization-sensitive  probes  are  triggered 
prematurely  by  electrons  emanating  from  the  surface  of  the  diaphragm  due 
to  the  photo-electric  effect.  No  further  investigation  has  been  conducted 
thus  far  to  verify  this  possible  explanation. 

Since  ionization-sensitive  probes  cannot  be  used  with  any  degree 
of  accuracy  near  the  second  diaphragm,  a  special  pressure-sensitive 
probe  had  to  be  designed  which  was  capable  of  withstanding  pressures  as 
high  as  50,000  psi.  A  drawing  of  this  shock-wave  detector  Ir  shown  in 
Figvire  9»  The  sensing  element  is  a  lead  zirconate  or  barium  titanate 
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disc,  which  is  protected  from  the  shock-heated  working  gas  by  a  heat 
barrier  and  a  thin  metal  diaphragm.  The  heat  barrier  is  a  neoprene 
disc.  Shock  mounting  is  supplied  by  a  teflon  cup.  The  design  of  the 
probe  is  such  as  to  permit  a  change  of  parts  in  a  simple  manner  when¬ 
ever  required.  The  output  voltage  from  the  probe  is  very  large,  and 
generally  it  must  be  reduced  by  means  of  a  capacitor  shunt. 

The  response  of  the  shock-wave  detector  can  be  seen  in  Figure  10. 
Both  the  rise  time,  which  is  less  than  5  microseconds,  and  the  absence 
of  any  signals  ahead  of  the  shock-wave  are  of  significance.  Because  of 
the  short  rise  time  inherent  in  these  detectors,  one  percent  accuracy 
is  possible  in  the  shock-velocity  measurement  over  a  distance  of  7 
inches  when  the  shock  tramsit  time  is  at  least  100  microseconds. 

The  shock-wave  detector  shown  in  Figure  9  is  lii-iited  in  use  to  pres¬ 
sure  below  30,000  psi.  Above  this  value  a  more  rugged  detector  is 
required.  A  new  type  of  shock -wave  detector  capable  of  working  at  pres- 
ures  beyond  100,000  psi  has  been  investigated  recently.  This  detector, 
which  appears  to  have  considerable  merit,  consists  of  a  semiconductor 
strain  gage  bonded  to  the  outer  wall  of  the  low-pressure  chamber  of  the 
shock  tunnel.  It  responds  to  strain  in  the  wall  resulting  from  the  hoop 
stress  produced  by  the  passing  shock -wave.  The  signal  obtained  from  a 
semiconductor  strain  gage  used  in  this  way  is  shown  in  Figure  11.  The 
rise  time  appears  to  be  about  10  microseconds  in  duration.  Unlike  the 
previously  considered  shock-wave  detector,  the  semiconductor  element  does 
pick  up  disturbances  in  the  metal  wall  ediead  of  the  shock.  However,  the 
amplitude  of  these  disturbances  is  still  sufficiently  low  compared  with 
the  peak  reached  behind  the  shock-wave  to  permit  good  accuracy  in  timing. 

The  semiconductor  shock-wave  detector  is  simple  to  install  and  has 
the  Eidvantages  of  ruggedness  and  durability,  since  the  element  in  no  way 
comes  in  contact  with  the  flow  of  air  or  the  driver  gas.  Because  this 
type  of  detector  does  not  require  an  access  hole  in  the  wall  of  the  low- 
pressure  section,  erosion  at  the  inner  wall  is  kept  to  a  minimum.  A 
typlcej.  semiconductor  strain  gage  installation  on  the  outer  wall  of  the 
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low-pressure  chamber  of  the  4- in.  Shock  Tunnel  No.  3  is  shown  in 
Figure  12.  In  general,  an  epoxy  cement  is  used  as  the  bonding  agent. 
Protection  of  the  element  and  its  leads  is  furnished  by  plastic 
electrician’s  tape  which  is  wrapped  around  the  outer  wall. 

HEAT-TRANSFER  INSTRUMENTATION 

The  measurement  of  heat  transfer  over  the  surface  of  models  under¬ 
going  testing  in  the  NOL  Hypersonic  Shock  Tunnels  is  made  with  thick 
film  or  calorimeter  gages.  These  gages  are  similar  in  design  to  the  one 
developed  by  the  AVCO  Research  Laboratory  as  described  in  reference  (3)* 
Since  a  different  gage  material,  thermal  insulator,  and  gage-mounting 
technique  are  used  by  the  Naval  Ordnance  Laboratory,  these  are  to  be 
described  briefly  at  this  time. 

An  artist's  conception  of  a  calorimeter  heat- transfer  gage  mounted 
in  the  surface  of  a  model  appears  in  Figure  13.  The  groove  shown  in 
the  drawing  is  milled  into  the  stirface  of  the  alumlniom  model  to  a  depth 
several  thousandths  of  an  inch  greater  than  the  thickness  of  the  iron 
sensing  element.  After  all  machine  work  has  been  completed  on  the 
surface  of  the  model,  the  model’s  surface  is  chemiceULly  converted  to 
aluminum  oxide  by  a  special  commercieO.  process.  The  depth  of  the  oxide 
layer  is  about  two  mils.  It  is  siifficient  to  provide  a  much  hsurder 
surface  to  the  abrasive  flow  in  the  test  section  as  well  as  some  thermal 
and  electrical  insulation.  However,  the  main  thermal  insulation  is 
furnished  by  a  layer  of  glyptol  which  is  painted  in  the  groove  before 
the  iron  sensing  element  is  added.  By  the  passage  of  a  heated  roller 
over  it,  the  element  is  forced  into  the  softened  glyptol  until  its  outer 
surface  becomes  flush  with  that  of  the  model.  The  calorimeter  element 
is  held  in  place  by  means  of  technical  B  cement  which  is  placed  in  the 
four  drilled  holes  designed  to  accept  the  voltage  and  current  tabs  euid 
their  wires.  The  cement,  etfter  hardening,  is  sanded  flush  with  the  model 
surface.  Measurements  on  a  completed  model  have  shown  the  gage  elements 
to  be  flush  to  within  0.2  mil  of  the  model  surface. 
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A  close-up  view  of  a  typical  calorimeter  gage  Installation  Is 
shown  In  Figure  14.  During  a  measiu'ement  a  constant  DC  ciarrent  of 
2  amperes  Is  maintained  through  the  element.  The  electrical  circuitry 
employed  Is  conventions^  for  a  constant-current  low- Impedance  device. 

A  full  discussion  of  the  circuitry  Is  given  In  reference  (4),  emd  no 
further  details  of  It  will  be  presented  In  this  paper. 

IGNITION  SYSTEM  USED  WITH  COMBUSTION  DRIVERS 

The  NOL  Hypersonic  Shock  Tunnels  are  generally  powered  by  the 
combustion  of  oxygen-hydrogen-hellum  mixtures.  The  performsuice  of 
these  tiinnels  depends  very  strongly  on  how  the  explosive  mixture  Is 
Ignited,  and  on  the  percentage  of  gsus  bvirned  before  the  msdn  diaphragm 
opens.  Diaphragms  are  designed  to  open  when  the  combustion  pressure 
has  reached  95  percent  of  the  maximum  pressure  obtainable  under  closed- 
bomb  conditions.  Ignition  at  all  points  In  the  gas  slmultaneovisly  Is 
one  way  of  guaranteeing  combustion  without  detonation.  However,  In  most 
cases  such  a  step  Is  not  feasible.  Exploding  wires  have  been  used  for 
Ignition  purposes  with  considerable  success.  When  large  amounts  of  wire 
are  needed,  such  as  In  long  driver  chambers,  the  amount  of  electrical 
energy  required  to  heat  or  explode  the  wire  Is  quite  appreciable.  One 
method  of  reducing  the  energy  Is  by  crimping  the  wire  at  uniform  Intervals. 
Another  method,  which  vas  first  conceived  at  the  Naval  Ordnance  Laboratory 
about  1. 5  years  ago  and  seems  to  have  considerable  merit,  employe  the 
exploding  foil  Ignition  tape.  A  sketch  of  a  section  of  this  tape  appeeirs 
In  Figure  15.  It  consists  of  a  strip  of  cLLumlnum  foil  backed  with  Scotch 
cellophane  tape  for  support.  The  holes  as  shown  are  punched  through  the 
tape  neeu*  an  edge  leaving  small  amounts  of  foil  between  them  and  the 
nearest  edge.  When  the  larger  amount  of  foil  Is  removed  from  the  opposite 
side  of  the  hole,  a  high  resistance  current  path  Is  formed  at  each  hole 
site.  Along  the  length  of  the  tape  these  Ignition  points  are  an  in 
electrical  series.  While  the  amount  of  energy  required  to  explode  the 
foil  at  these  points  Is  not  large.  It  has  been  found  that  smooth  Ignition 
results  when  an  energy  of  approximately  10  Joules  per  point  Is  supplied 


from  a  charged  capacitor.  In  Figure  l6  a  view  of  the  exploding  foil 
ignition  tape  is  shown  with  its  support  Eissembly.  The  long  stainless- 
steel  rod  which  fastens  to  the  breech  plug  is  used  to  support  one  end 
of  the  tape  and  supply  a  ground  return  for  the  system. 

During  burning  of  the  explosive  driver  gets  mixture,  its  pressure 
is  measured  at  both  the  front  and  rear  of  the  high-pressure  chamber. 
Typical  combustion  pressure  traces  obtained  with  the  foil  ignition  tape 
are  shown  in  Figure  17.  Since  the  main  diaphragm  opens  before  the  gas 
mixture  is  completely  burned,  the  rear  pressure  gage  normally  reads 
higher  by  several  thousand  psl. 

MISCELLANEOUS  MEASUREMENTS 

The  measurement  of  shock  velocity  in  the  l.^-ln.  Shock  Tunnel  No.  1 
over  a  distance  of  16O  calibers  has  revealed  cm  attenuation  of  about  I7 
percent.  Because  of  this  large  chajige  In  shock  velocity,  one  cannot 
expect  the  pressiire  measured  at  some  given  point  along  the  low-pressure 
chamber  to  remain  unchanged  with  time.  Since  energy  losses  continually 
occur  in  the  working  gas  prior  to  its  expcmslon  into  the  test  section, 
the  pressure  Increase  with  time  at  a  point  is  much  less  than  might  be 
expected.  An  accurate  knowledge  of  the  static  pressure-time  history  at 
the  muzzle  of  the  low-pressure  chamber  is  essential  for  cm  accurate 
determination  of  the  total  enthalpy-time  vcmlatlon  in  the  test  section. 
By  mecusurlng  pressure  simultaneously  at  two  different  locations  in  the 
same  vertical  plane  at  some  point  cLLong  the  low-pressure  chainber,  one 
can  determine  what  amovmt  of  agreement  in  the  pressure  measurement  is 
possible.  Two  pressure  traces  obtained  under  these  conditions  at  the 
muzzle  are  shown  in  Figure  Id.  Quantitative  measurements  made  along 
these  traces  show  variation  in  the  amount  of  disagreement  between  them, 
the  maximum  disagreement  being  about  7  percent.  From  run- to-run  even 
the  amount  of  variation  has  not  been  constant,  and  in  some  cases  the 
amoxmt  of  disagreement  has  been  so  low  cts  to  be  Indistinguishable.  It 
should  be  emphasized  at  this  point  that  the  tests  discussed  here  were 
performed  with  piston-type  pressvtre  gages  having  their  flat  piston  faces 
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tangent  to  the  hore  of  the  low-pressure  chamber.  Contoured  pressure 
gages  which  provide  flush  moiuiting  with  the  bore  have  been  fabricated 
recently  and  are  presently  undergoing  testing  in  the  1. 5-in.  Shock 
Tunnel  No.  1.  Preliminary  data  indicate  that  the  amount  of  disagree¬ 
ment  between  pressure  gages  located  in  the  same  vertical  plane  has  been 
reduced  by  50  percent  as  a  result  of  the  contouring  and  elimination  of 
the  cavities. 

The  velocity  of  each  portion  of  the  working  gas  leaving  the  muzzle 
can  be  computed  if  a  Pitot  pressure  measurement  at  the  muzzle  is  also 
made.  The  measiarement  of  Pitot  pressure  in  this  region  is  complicated 
by  the  size  of  the  probe  which  tends  to  produce  flow  blockage,  as  well 
as  by  the  very  high  pressures  encountered  there.  The  blockage  problem 
becomes  greater  as  the  flow  Mach  number  decreases  and  the  density 
Increeises.  A  muzzle  Pitot  pressure  trace  is  shown  in  Figure  19.  The 
measured  pressure  Initially  behind  the  shock -wave  is  about  20,700  psl 
and  this  agrees  very  closely  with  the  predicted  value  of  20,000  psi. 
However,  at  much  higher  barrel  lo£ids,  where  the  predicted  Pitot  pressure 
is  55^000  psi,  measurements  of  100,000  psl  have  been  obtained.  These  are 
obviously  in  error  since  a  calculation  of  reflected  shock  pressure  reveals 
values  20  percent  lower.  Becaxxse  flow  blockage  is  appreciable  under  these 
conditions,  a  much  slimmer  Pitot  probe  has  been  designed,  and  is  soon  to 
be  tested. 

There  are  many  causes  for  stock-wave  attenuation  in  the  working  gas. 
One  such  cause  which  can  easily  be  overlooked,  especisdly  when  operating 
over  a  wide  range  of  initlsG.  conditions,  is  the  size  or  length  of  the 
high-pressure  chamber.  It  is  important  that  the  dimensions  of  the 
chamber  be  such  as  to  prevent  under  all  operating  conditions  the  reflected 
rarefaction  wave  from  overtaking  any  of  the  shock-compressed  working  gas 
before  it  has  left  the  muzzle.  The  effect  produced  by  too  short  a  high- 
pressure  chamber  is  shown  in  Figure  20.  Over  a  total  distemce  of  l60 
cedibers  the  measured  shock  attenuation  is  26. 5  percent  for  the  40- inch- 
long  high-pressure  chamber  as  compared  to  17-5  percent  for  the  80-inch 


chamber.  It  Is  evident  from  these  curves  that  when  the  40-inch  chamber 
is  used,  much  better  flow  characteristics  are  obtainable  by  shortening 
the  low-pressiire  chamber  at  least  40  calibers. 

Shock-weve  attenuation  hsis  a  marked  effect  on  the  Pitot  pressure 
measurement  made  in  the  teat  section.  This  effect  is  very  noticeable 
in  Figure  21.  With  the  ItO-lnch  chamber,  the  Pitot  press\ire  is  substsui- 
tially  lower  than  that  obtained  with  the  longer  chamber.  In  addition, 
the  pressure  appears  to  drop  continueLLly  after  the  peak  is  reached. 

The  pressure  trace  for  the  80-inch  chamber,  on  the  other  hand,  exhibits 
a  broad  plateau  approximately  250  microseconds  following  the  peak.  The 
magnitude  of  the  ixressure  eilong  the  plateau  is  about  75  percent  of  that 
measured  at  the  peak. 

The  pitot  press'ire  traces  which  thus  far  have  been  displayed  are 
all  characteristic  of  free- Jet  expansion.  The  effect  of  a  28-degree 
conical  nozzle  on  this  characteristic  trace  is  shown  in  Figure  22.  A 
comparison  between  free- Jet  and  cone  nozzle  expansion  is  made  in  this 
case  under  nearly  identical  conditions  in  the  working  gas  prior  to 
expansion  and  for  the  same  flow  Mach  n\anber  of  8  in  the  test  section. 

An  examination  of  the  traces  reveals  that  flow  establishment  time  for 
the  nozzle  is  at  leeust  twice  as  long  as  for  the  free- Jet.  Since  it 
takes  about  400  microseconds  to  establish  the  flow  in  the  conical 
nozzle  and  600  microseconds  are  req.ulred  for  all  the  working  gas  to 
leave  the  muzzle,  only  200  microseconds  remain  useful  for  aerodynamic 
testing.  In  this  particular  case  twice  as  much  testing  time  is  avail¬ 
able  with  free- Jet  expansion.  The  peak  which  appears  early  in  the  flow 
is  characteristic  of  free- Jet  expemslon,  since  it  is  not  evident  in  the 
Pitot  pressure  mee«urement  made  in  cone  nozzle  flow. 

CONCLUSIONS 

For  very  high  Reynolds  number  flow  in  a  shock  tunnel,  erosion  at 
the  inner  wall  of  the  low-pressure  chamber  becomes  a  serious  problem. 
The  erosion  is  especlsLlly  serious  around  gage  holes.  The  piston- 
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type  pressure  gage  Is  extremely  rugged  euid  Its  cELLlbratlon  Is  unaffected 
by  erosion.  In  addition.  It  can  be  designed  such  that  a  perfectly  flush 
fit  with  the  bore  Is  obtednable,  thereby  minimizing  erosion  around  the 
gage  hole. 

lonlzatlon-sensltlve  probes  used  In  measurements  of  shock  velocity 
are  not  reliable  below  shock  Mach  number  U. 5  or  near  the  end  of  the  low- 
pressure  chamber  In  the  vicinity  of  the  second  diaphragm.  Pressure- 
sensitive  probes  have  been  used  in  place  of  ionization-sensitive  probes 
with  considerable  success.  Strain  gages  bonded  to  the  outer  wall  of 
the  low-i>ressure  chamber  have  been  used  to  detect  shock  transit  times 
and  have  been  shown  to  be  extremely  useful  at  very  high  working  gas 
pressvires. 
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6.5 


STATIC  CALIBRATION  OF  PISTON- 
TYPE  PRESSURE  GAGES 
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SHOCK  WAVE  ATTENUATION 
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THE  PSEUDO-STATIONARY  BEHAVIOR  OF  VORTICES 


(EXPERIMENTS  IN  SHOCK  WAVE  TUBES) 

H.  Relchenbach 
Ernst  Mach  Institut,  Germany 


The  following  relationships  can  be  asserted  for  those  flux  processes 
in  which  friction,  heat  conduction  and  capillary  forces  can  be  disregarded. 

To  a  process  which  satisfies  the  given  conditions,  there  is  always 
a  geometrically  similar  one  arising  from  it  owing  to  the  multiplication 
of  all  the  lengths  and  times  by  a  random  constant  factor  (positive,  real). 
In  so  doing  the  velocities,  with  respect  to  direction  and  magnitude,  as 
well  as  the  thermodynamic  entropies  at  the  corresponding  spatieLL-temporal 
points  are  unaltered.  Even  when  shock  waves  are  encountered  these  asser¬ 
tions  retain  strict  validity  . 


Non-stationary  flux  processes  which  remain  invarismt  during  applica¬ 
tion  of  the  so-called  similarity-transformation — specifically  of  a  space- 
tlme-extension--are  designated  as  pseudo-stationary.  It  can  easily  be 

gr 

shown  that  this  type  of  flow  depends  only  on  variables  of  the  form  |  ® 

T)  -  ^  t  _  2  and  no  longer  depends  explicitly  on  the  time  t.  From  this 
you  may  deduce  the  following.  An  observer,  proceeding  in  a  straight  line  from 
the  point  on  earth  x=y=z=t=0  and  moving  with  a  constant  velocity,  will 
encounter  locally  stationary  conditions.  On  the  basis  of  this  assertion, 
designating  this  particular  class  of  non-stationary  flows  (the  class  being 
distinguished  by  a  constancy  factor  in  contrast  to  a  similarity-transforma¬ 
tion)  as  pseudo-stationary  is  Justified. 


As  soon  as  the  forces  of  friction  noticeably  influence  the  flux  pro¬ 
cesses,  this  property  of  constancy  is  lost.  The  viscosity,  in  other 
words  the  property  of  the  medium  governing  the  friction,  is  not  maintained 
during  the  similarity-transformation  of  a  space-time-extension.  Further¬ 
more  the  viscosity  which  is  defined  familiarly  as  the  ratio  factor  between 


the  tangential  tension  and  velocity  gradient,  should  be  converted  by  the 
same  factor  as  the  time  and  space  coordinates,  as  is  easily  deduced  from 
methods  of  dimension  similitude  considerations.  But  this  requirement 
cannot  normally  be  realized.  On  the  basis  of  this  it  can  be  expected 
that  flow  processes  in  whlcii  friction  plays  a  role,  will  not  easily 
behave  pseudo -stationarily.  In  particular  one  may  expect  deviations 
during  turbulence  which  will  be  taken  into  account  in  the  following. 

An  examination  of  the  behavior  of  spiral  vortices  can  be  achieved  in 
various  ways.  Here,  only  the  experimented  side  of  the  problem  is  given 
into,  and  a  few  experiments  are  described  which  we  recently  conducted. 

T';e  question  concerning  the  pseudo-stationariness  of  a  plane  process 
can  be  most  simply  decided  by  the  following  two  methods : 

1)  Enlarging  and/or  reducing  a  higii  speed  photograph  and  comparing 
it  wltl'  an  original  photograph  of  the  corresponding  time  phase. 

2)  Determining  the  path-time  curves  of  characteristic  flux  properties. 

Concerning  the  first  method  it  can  be  said:  since  a  plane  pseudo¬ 
stationary  process  is  determined  adone  by  the  variable  of  the  form  x  .  y 
all  the  later,  respectively,  earlier  phases  can  be  obtained  by  optical 
enlarging  respectively,  reducing  of  a  high  speed  photograph.  A  comparison 
with  original  photographs  at  the  time  which  results  on  the  basis  of  the 
enlargement  scale,  determines  the  pseudo-stationariness. 

If,  as  indicated  in  the  second  method,  the  path-time  diagrams  of  a 
flux  process  are  photographed  with  the  aid  of  a  radio -motion  picture 
series,  then  these  curves-when  behaving  in  a  pseudo -stationary  fashion- 
have  to  be  straight  lines  which  pass  througli  the  origin  of  the  coordinates. 
The  process  of  course  depends  only  on  x  if  the  simplicity  is  limited  to 
a  halfway  one  dimensional  process.  All  the  conditions  must  therefore  re¬ 
main  unaltered  on  curves  of  the  form  ^  =  u  =  const  or  x  =  ut.  However, 
that  is  exactly  the  analytical  representation  of  a  straight  line. 

A  shock  wave  tube  is  very  well  suited  for  such  examinations  of  a 
non-steady  process. 
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The  following  described  experiments  were  conducted  with  air  on 
both  sides  of  the  membrane  of  sucii  a  tube  witii  a  constant  diameter. 

In  order  to  make  the  process  visible,  the  so-called  focused  shadow 
principle  was  employed  where  the  experiment  chamber  is  irradiated  with 
parallel  light  (Figure  l).  In  order  to  achieve  the  course  of  the  rays 
for  the  various  light  sources  of  the  spark  aggregates  (we  use  a  6-fold 
layout),  which  follows,  as  much  as  possible,  a  vertical  course  at  the 
optical  axis  of  the  shock  wave  tube,  the  point  sparks  are  mirrored  in  by 
movable  mirrors,  standing  spatially  very  close  to  one  another,  and  are 
mirrored  out  again  on  the  camera  side.  The  diameter  of  the  point -sparks 
is  0  5inm.  The  camera  lenses  are  installed  so  that  not  the  middle  of  the 
experiment  chamber,  but  rather  the  so-called  reference  plane  D*  is  sharply 
defined  on  ti.e  photographic  plates.  The  sensitivity  of  the  proceedure, 
to  indicate  alternations  of  light  deflection  in  the  measuring  chamber, 
depends  in  this  case  on  the  interval  DD*. 

The  circumflow  of  an  edge  after  encountering  a  shock  wave  was  chosen 

as  a  simple  example  for  a  non-steady  process  in  the  shock  wave  tube.  The 

following  series  of  shadow  photos  (Figure  2)  should  give  an  overall  view 

of  the  time-wise  course  of  this  process.  Against  the  vertical  wall,  whose 

upper  edge  is  scarfed  with  an  angle  of  25°,  flows  a  shock  wave  with  a 

pressure  relationship  of  2.12,  whicJi  corresponds  to  a  shock  Mach  number 

of  M  =1.4  and  to  a  flux  Mach  number  of  M  =  0.51*  The  shock  waves  are 
s 

reflected  on  the  wall,  whereby  an  increase  in  pressure  to  a  pressure 
relationship  of  4.16  occurs.  An  attenuation  wave  proceeds  from  the  edge, 
lowering  the  shock  pressure.  T.e  primary  shock  wave  bends  around  the 
cutting  edge  at  which  a  spiral  vortex  forms.  The  turbulence  is  then 
disturbed  if  the  wave  fronts  reflected  on  the  walls  intersect  the  vortex. 

If  a  multiple  spark  camera  is  used  for  the  study,  the  path-time 
measurements  can  be  measured  very  exactly.  As  an  example  for  an  arbi- 
tararily  selected  trial  (Figure  5)  reproduces  the  path-time  curve  of  the 
primary  shock  wave  and  of  the  shock  wave  reflected  on  the  model.  All 
curves  are  exact  straight  lines  which  cross  througli  the  zero  point.  The 
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conditions  for  the  pseudo-stationary  behavior  of  the  shock  wave  fronts 
are  thus  satisfied.  This  knowledge  is  not  new,  for  it  is  known  that 
heat  conduction  and  friction  do  not  play  any  role  in  the  range  of  normal 
shock  waves;  the  conditions  for  the  initially  formulated  procedure  are 
satisfied. 

It  behaves  differently  if  one  examines  the  propagation  of  tie  vortex 
region  and  chooses  the  coincidence  of  the  wave  front  on  the  leading  edge 
of  the  cut  as  the  time  point  zero  (Figure  4).  The  path-time  curves  for 
the  directions  are  given  as  parallel  and  vertical  to  the  afflux.  The 
designations  result  from  the  sketch.  All  the  curves  no  longer  follow 
a  straight  line  course  but  bend  in  at  the  origin  of  the  coordinates. 
However,  for  times,  t>30  ^sec,  these  curves  can  be  considered  as  straight 
lines,  but  the  point  of  intersection  of  these  straight  lines  lies  to 
the  left  of  the  origin  of  the  coordinates.  From  this  results  the  fact 
that  the  entire  process  of  the  circumflow  of  a  cut  with  the  inclusion  of 
the  vortex  region  is  not  strictly  pseudo-stationary.  However,  after  a 
determined  period  of  time  and  after  assuming  a  fictive  origin,  one  can 
speak  of  pseudo -stationary  behavior  for  a  vortex  region. 

The  kinematic  viscosity  of  the  medium  will  be  the  decisive  factor  for 
the  transitional  region  in  the  first  stage  of  the  turbulence.  For  this 
reason  the  way  in  which  the  Reynolds  number  influences  the  process  was 
examined.  As  is  known,  the  shock  wave  propagation  is  dependent  only  on 
the  pressure  ratio  at  the  wave  front.  The  shock  Mach  number,  the  flow 
Mach  number  and  the  temperature  do  not  change  if  the  pressure  and,  with 
it,  the  density  in  the  expansion  channel  during  preservation  of  a  constant 
agress  of  the  pressure  ratio  are  altered.  During  the  experiments  an 
egress  pressure  ratio  of  ^  =  5  was  set  up,  whereupon  the  pressure  in  the 
compression  chamber  changfi  between  1  and  25  atu  (atmospheres  absolute 
(excess)  pressure)  and  that  in  the  expansion  chamber  of  the  shock  wave 
tube  was  correspondingly  changed  between  0.2  and  5- 
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Since  a  change  of  the  absolute  density  corresponds  to  the  pressure 
change  in  the  expansion  channel,  the  Reynolds  number  also  changes  by 
whose  definition  a  difficulty  results,  due  to  the  size  of  the  characteristic 
dimensions  of  the  model.  One  can  relate  the  Reynolds  number  to  the 
interval  or  -  as  we  do  -  talie  only  the  relative  change  of  the  Reynolds 
number  into  consideration. 


On  the  basis  of  the  experiment  conditions  (identical  model,  identical 
shock  strength,  identical  shock  and  flow  Jfech  numbers,  identical  gas)  the 

determining  quantities  (R  =  p  =  density  p  =  velocity  of  flow;  t  = 

e  TJ 

characteristic  lengths  t)  =  viscosity)  for  the  Reynolds  number  remain 
unchanged  up  to  the  density,  respectively,  the  kinematic  viscosity  v=  tj^. 


Since  we  are  interested  only  in  the  relative  change  of  the  Reynolds 
number,  one  can  refer  to  a  certain  density  and  find  then  that  the  relative 
c.'iange  of  the  Reynolds  number  is  projxDrtional  to  the  relative  change  of 
the  density. 

R  T1 

R  =  _e_  =  ppi  .  ^1  _  p  because  p  =  p  ;  i=i  ;  ti  =  t)., 

^el  R^^  —  ^ 

Should  one  desire  to  compare  the  shadow  photographs  of  two  series  of 
pictures  having  varying  egress  density  with  one  another;  the  following 
must  be  taken  into  consideration  on  the  basis  of  the  individuality  of 
the  plate  processing.  The  deflection  of  a  light  ray  depends  on  the  index 
of  refraction  and,  relative  to  the  Gladstone  -  Dale  -  relationship 
(n-l=k.p),on  the  density.  Because  of  this  effect  one  is  forced 
to  alter  the  sensitivity  of  the  plate  processing  in  the  individual  series 
of  pictures  by  varying  the  interval  of  the  reference  plane.  In  so  doing 
the  very  sinqple  relationship  is  retained  that  the  intervals  of  the 
reference  plsuies  (  r,  r^  )  behave  inversely  to  the  absolute  densities  in 
the  expansion  chamber. 


If  this  optical  ratio  is  considered,  the  following  dependences  of 
the  extents  of  propagation  are  found.  As  was  expected  (Figure  5),  the 
period  of  time  which  elapses  until  the  propagation  velocity  of  the  vortex 
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reaches  a  constant  value,  vertical  as  well  as  parallel  to  the  direction 
of  discharge,  is  dependent  on  the  relative  Reynolds  number.  As  can  be 
deduced  from  the  mean  measured  values,  proportionality  with  the  root 
consists  of  the  relative  Reynolds  number  (respectively,  of  the  density). 

In  our  case  the  times  lie  between  l8  and  50  (isec.  A  constant  velocity 
with  appears  to  be  practically  independent  of  the  Reynolds  number,  comes 
about  only  after  this  time  is  up. 

Theoretically,  we  could  next  expect  that  the  period  of  time  generally 
increases  with  the  Reynolds  number.  The  formation  of  the  vortex  is  a 
function  of  the  kinematic  viscosity  of  the  system.  The  greater  the 
viscosity,  the  more  rapidly  the  vortex  forms.  Frictionless  flow  is 
described  by  the  border  line  Re-.>^.  The  acceleration  time  in  this 
is  infinitely  large,  i.e.  formation  of  a  vortex  is  no  longer  a  considera¬ 
tion. 

The  vortex  comes  about  by  the  stripping  off  and  rolling  up  the 
boundary  layer  by  the  cutting  edge.  The  thickness  B  of  a  boundEury  layer 
is  generally  set  up  to  be  inversely  proportionsQ.  to  the  root  of  the 
Reynolds  number. 


The  proportionality  factor  results  from  the  type  of  model  over  which 
the  flow  passes  and  has  dimensions.  Therefore  the  assertion  concerning 
the  independence  of  the  acceleration  time  of  a  vortex  can  be  thus  inter¬ 
preted:  the  acceleration  times  are  inversely  proportional  to  the  boundary 
layer  thickness.  This  assertion  is  very  plausible. 

Let  us  again  consider  the  complete  process  of  the  turbulence.  The 
separation  euid  coiling  up  of  a  vortex  at  a  cutting  edge  is  a  process 
in  which  friction  plays  an  important  role.  Thus,  this  process  cannot  be 
pseudo -stationary.  This  process  is  indicated  in  the  shown  curves  by  the 
non-linear  climb.  When  the  vortex  reaches  a  certain  volume,  it  separates 
from  the  cutting  edge  and  can  be  considered  more  and  more  as  a  closed 
system  in  which  friction  and  viscosity  are  negligible.  Thus,  the  conditions 


255 


for  pseudo -stationary  behavior  are  given.  If,  however,  one  assumes 
that  the  vortex  should  have  reached  a  critical  volume  up  to  the  beginning 
of  the  pseudo-stationary  state,  then  the  running  time  is  determined  with 
what  speed  the  separating  boundary  layer  subsequently  delivers  material 
to  fill  up  this  volume.  "Since  the  velocity  was  constant  in  the  experi¬ 
ments,  it  can  be  expected  that  the  slip  stream  speed  of  the  boundary 
layer  is  also  constant.  In  this  case,  however,  the  subsequently  delivered 
volume  depends  only  on  the  thickness  of  the  boundary  layer.  Thus,  the 
assertion  that  the  running  time  for  the  vortex  is  inversely  proportional 
to  the  thickness  of  the  boundary  layer  has  found  an  explanation. 

Originally  there  was  still  another  method  for  proving  pseudo - 
stationary  behavior  which  proceeded  from  the  fact  that  the  photos  of 
the  flow  process  which  were  taken  at  various  times,  should  be  geometrically 
similar  to  one  another.  Through  optical  enlarging  or  reducing  it  would 
then  be  possible  to  obtain  pictures  equal  in  coverage.  A  few  experiments 
were  even  conducted  in  this  direction.  Both  the  following  illustrations 
(Figure  6  and  7)  show  the  results.  Pour  photographs  corresponding  to 
various  time  phases  were  selected  from  a  photo  series  of  the  same  process 
and  copied  in  the  same  scale.  If  the  optical  enlargement  scale  is 
chosen  reciprocal  to  the  photographing  times  and  if  the  same  geometrical 
dimensions  are  present,  the  process  behaves  pseudo-stationarily.  It  can 
be  seen  from  Figure  7  that  this  behavior  holds  true  by  and  large  after 
a  certain  running  time  during  the  propagation  of  the  vortex.  The  external 
geometric  form  agrees  wellj  in  the  details  there  are,  to  be  sure,  a  few 
deviations . 

It  is  self-explanatory  that  the  latter  two  illustrations  were  worked 
out  with  varying  sensitivity  of  the  shadow  process.  During  the  pseudo¬ 
stationary  propagation,  the  density  gradient  in  the  vortex  region  decreases 
and  along  with  it,  the  light  deflection.  This  effect  has  to  be  con^iensated 
for  by  a  corresponding  change  in  the  sensitivity  of  the  plate  processing. 

In  addition  the  adherence  to  strict  geometrical  similarity  during 
the  p  otographic  process  makes  necessary  the  use  of  experimental  chambers 
of  varying  depth.  Since  this  is  prohibitive  for  experimental  reasons 
(multiple  exposures),  a  corresponding  correction  of  the  sensitivity  of 


the  shadow  process  has  to  be  applied.  It  can  easily  be  shown  that  the 
reference  planes  in  nearest  proximity  have  to  behave  as  the  squares  of 
the  interval  of  the  shock  front  from  the  cutting  edge  in  order  to  obtain 
pictures  with  a  mutually  corresponding  optical  sensitivity. 

In  summary,  it  is  established  that:  the  overall  process  of  the  cir- 
cumflow  of  a  cutting  edge  upon  encountering  a  shock  wave  with  the  in¬ 
clusion  (bf  the  vortex  region  does  not  in  a  strict  sense  flow  pseudo- 
statlonarily.  The  shock  fronts  and  attenuation  waves  do  fulfill  the 
conditions  of  a  pseudo -stationary  state  within  the  considered  range. 

The  vortex  region  by  itself  behaves  almost  pseudo-stationarily  if  a 
transitional  region  is  dispensed  with  and  if  an  Imaginary  origin  is 
referred  to.  The  transitional  stage  lasts  in  our  case  from  l8  to  50  psec, 
calculated  from  the  arrival  of  the  shock  wave  at  the  cutting  edge.  This 
time  period  depends  on  the  Reynolds  number;  so  the  process  can  be  in¬ 
terpreted  thusly,  that  the  starting  time  behaves  inversely  proportional 
to  the  thickness  of  the  boundary  layer. 
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Abb.1 

Cptiscue  ijncrdimn^  I'ar  ...ebrfsch-ochatteneufnaojiien 
nacii  dex  fokussisrteE  ochattenverfcibren 


Ado.  2 

Beaufschlbguii!;  und  Uiastrbiaen  einer  Scbneide.  kehrfacti- 
funkenaufnahmen  nacb  dem  Bchattenverfahren 
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Abb. 4 

Weg-Zeit-Kurven  fiir  die  Wirbelausbeitimg 
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Abb.  5 

Mittlere  Anlaufzeit  bis  zur  Ausbildung 
einer  konst  ant  en  Geschwindigkeit 
konstante  Geschwindigkeit  der  Wirbelaus- 
breitung  in  Abhangigkeit  von  der  Reynolds- 
Zahl 
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Abb.  6 

Wirbelausbreitung  um  eine  Schneide 
zu  verschiedenen  Zeiten 
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Abb.  7 

Glelche  zeltlicbe  Fhasen  wie  in  Abb. 6,  jedocb 
im  Verbal tnis  der  Aufnahmezeitpunkte  vergroBert. 

Ler  auf  das  Original  bezogene  MaBstab  ist  bel 

jeder  Aufnabme  angegeben.  V 
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LOCALIZED  SHOCK  VELOCITY  MEASUREMENT  TECHNIQUES 


Dr.  Ralph  L.  Haslund 
Robert  J.  Charlson 
Boeing  Airplane  Company 


ABSTRACT 

Due  to  restriction  on  shock  tube  operating  conditions,  complexity 
of  associated  optics  and  electronics  and  shock  front  thickening  and  , 
curvature,  the  methods  of  shock  velocity  measurement  dependent  upon 
flow  properties  whose  effects  are  integrated  across  the  shock  tube 
cease  to  be  feasible.  For  a  given  range  of  shock  strengths  and  initial 
gas  densities,  one  can  choose  a  particular  type  of  pick-up  utilizing 
localized  gas  flow  properties  initiated  by  the  presence  of  the  shock 
front  to  determine  shock  velocity.  To  minimize  the  effects  of  shock 
attenuation,  velocity  determinations  must  be  made  over  a  short  base 
line  reqvilring  a  gage  frequency  response  on  the  order  of  one  to  ten 
megacycles.  Three  such  fast  response  pick-ups  euid  corresponding 
operating  ranges  are  considered.  They  are:  (l)  the  glow  discharge 
probe  for  weak  shocks,  (2)  the  thin  film  resistance  gage  for  moderate 
strength  shocks  and  (5)  the  ionization  probe  for  strong  shocks.  The 
principles  of  operation,  the  limitations  on  the  operating  reuage  and 
the  appropriate  associated  circuitry  for  each  is  described.  Typical 
results  from  the  operation  of  each  are  presented. 

INTRODUCTION 

Due  primarily  to  simplicity  in  basic  concept  and  design,  the  shock 
tube  has  and  will  continue  to  satisfy  a  variety  of  pvuposes.  Perhaps 
foremost  among  current  applications  is  the  study  of  shock  wave  inter¬ 
actions  in  a  particular  and  often  rarifled  gas  medium  over  a  wide  range 
of  incident  shock  strengths.  Fundamental  to  any  such  study  is  em 
accurate  determination  of  shock  strength  just  before  interaction. 
Inasmuch  as  most  pressure  trsmsducers  are  limited  in  response  time. 


linearity  and  sensitivity,  shock  strength  is  usually  obtained  by 
calculation  from  a  measured  mean  shock  velocity.  Such  a  measurement 
may  be  made  by  using  a  sensing  device  the  information  for  which  is 
integrated  across  the  shock  tube  or  by  using  a  sensing  device  the 
information  for  which  is  obtained  locally,  usually  at  the  very  shock 
front.  The  former  method,  in  general,  requires  a  rather  complex 
system  of  optics  and  electronics  and  requires  an  undue  amount  of 
alignment  when  used  with  very  low  gas  densities  and  with  shock 
fronts  exhibiting  thickening  and  curvature. 

The  purpose  of  this  paper  is  to  consider  in  practical  detail 
three  sensing  devices  of  the  latter  type  with  their  appropriate 
operating  ranges  and  principles  of  design.  To  better  evaluate  the 
merits  of  the  probes  to  be  considered,  some  initial  discussion  on 
timing  probe  systems  and  timing  accuracy  limitations  is  included. 

CRITERIA.  FOR  TIMING  PROBE  DESIGNS 

When  designing  a  set  of  probes  for  the  purpose  of  measuring  the 
travel  time  of  a  shock  wave  between  two  points,  many  criteria  must 
be  borne  in  mind.  For  the  probe  itself,  the  usual  requirements  are 
manageability,  durability,  simplicity  of  construction  and  associated 
circuitry,  and  adaptability.  Depending  upon  application,  the  probe 
design  may  be  limited  by  operating  range  (initial  gas  density  and 
shock  strength),  physical  dimensions,  reproducibility,  and  inter¬ 
ference  or  effect  on  the  shock  wave  and  test  gas.  To  meet  accuracy 
requirements  for  a  given  shock  strength,  over  as  short  a  base  line 
as  possible  (e.g.  in  order  to  minimize  the  effects  of  attenuation), 
the  probe  and  associated  circuitry  must  provide  adequate  sensitivity, 
a  mlnimijm  frequency  response  (vitiating  probe  "memory"  or  circuit 
compensating  characteristics),  and  a  minimum  probe  sensing  width, 
in  the  direction  of  shock  travel,  in  order  to  limit  shock  front 
transit  time. 
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When  the  shock  wave  is  the  primary  source  of  energy'  in  f\imishing 
the  probe  signal  (e.g.  pressure  trajisducers )  a  relatively  large  portion 
of  the  shock  wave  pressure  step  is  required,  increasing  effective  shock 
front  transit  time  and  decreasing  effective  signal  rise  time.  If  the 
probe  circuit  is  the  primary  sovirce  of  energy  in  furnishing  the  probe 
signal,  the  signal  rise  time  is  limited  only  by  the  transit  time  of  tue 
shock  front  itself  (assuming  a  probe  circuit  frequency  response  greater 
than  10  megacycles  per  second).  The  latter  approach  lends  itself  more 
readily  to  timing  shock  waves  with  irregular  pressure  profiles. 

EFFECT  OP  TDffl  ERROR  ON  BASE  LINE  CALCULATION 

In  setting  up  a  velocity  measuring  system  it  is  best,  especially 
with  shock  tubes  with  small  internal  dimensions,  to  use  three  rather 
than  two  timing  probes.  The  last  probe  should  be  stationed  as  close  as 
possible  to  the  point  of  shock  interaction  lander  study.  A  linear  extra¬ 
polation  of  the  two  consecutive  mean  velocities  then  gives  a  shock 
velocity  upon  Interaction  from  which  shock  strength  can  usually  be 
calculated  with  sufficient  accuracy.  The  accuracy  of  the  mean  velocity 
measurements  is  (disregarding  nonlinearity  in  shock  velocity  attenuation 
over  short  enoxigh  base  lines)  limited  mainly  by  the  probe  response  and 
triggering  characteristics  of  the  electronic  interval  timing  device 
employed.  These,  in  turn,  determine  the  necessary  length  of  the  two 
consecutive  base  lines  for  a  given  desired  accuracy.  In  general,  the 
necessary  base  line,  d,  is  equal  to  the  product  of  U  ,  the  shock  velocity 

5 

(expressed  perhaps  most  conveniently  in  millimeters  per  microsecond), 

At,  the  time  variation  in  probe  response  in  giving  a  particular  trigger 
level  voltage,  and  the  reciprocal  of  the  allowable  percentage  error  in 
time  interval  determination.  For  example,  if  the  time  variation  in 
producing  say  a  1  Volt  signal  is  0.1  microsecond,  for  a  required  time 
interval  accuracy  of  0.1  percent,  the  base  line  would  have  to  be  about 
70mm  for  a  Mach  2  shock  in  air.  Of  course,  At  will  increase  due  to 
variation  in  electronic  timer  trigger  level,  but  this  increase  can  usually 


be  minimized  to  less  them  0.1  microsecond.  If  the  timer  triggers  at 
1  Volt  -  0.05  Volt  and  the  signal  rise  time  from  0.95  Volt  to  I.05 
Volts  is  less  than  10  second,  the  trigger  level  response  variation 
will  give  what  is  usually  a  negligibly  small  contribution  to  At  from 
the  electronic  timer  in  the  calculation  of  d. 

PROBE  SIGNAL  SHAPE 

Essential  to  accurate  shock  timing  is  reproducibility  in  shape 
of  the  probe  output  signal.  The  probe  signal  output  can  be  broken 
down  into  a  two  step  process.  For  the  localized  timing  probe  the 
shock  front  acts  as  a  high  speed  switch,  the  switching  time  being 
equal  to  the  transit  time  of  the  shock  front  across  the  sensing  width 
of  the  probe  in  the  direction  of  shock  travel.  To  provide  maximum 
accuracy,  the  frequency  response  of  the  probe  must  be  large  enou^ 
to  exceed  that  corresponding  to  the  switching  time.  Depending  upon 
circuit  design,  this  switching  response  is  followed  by  either  a 
charging  or  discharging  response  of  the  external  probe  circuit  (except 
for  the  case  of  the  thin  film).  For  short  initial  time  intervals, 
within  which  the  timing  pulse  is  utilized,  the  potential  is  Inversely 
propoirtional  to  the  effective  circuit  output  RC  product  and  increases 
linearly  with  time.  Because  of  the  high  output  impedance  of  most 
timing  devices,  a  cathode  follower  is  usually  used  between  it  and  the 
electronic  timer.  With  low  output  Impedance  of  the  cathode  follower, 
capacitance  introduced  by  the  output  cable  does  not  appreciably  reduce 
the  over-all  circuit  frequency  response. 

For  identlceO.  timing  probes  and  sigjaal  output  circuits,  the 
variation  in  output  potential  level  in  time  is  due  primarily  to  differ¬ 
ence  in  shock  transit  time  across  the  identical  probe  sensing  widths, 
each  usually  less  than  a  millimeter.  For  a  slow  rate  of  attenuation  or 
for  short  base  lines,  this  variation  is  much  less  theua  10  second. 

The  error  due  to  variation  in  signal  output  cheiracteristics  which 
always  exists,  because  no  two  physlced  systems  can  be  meide  identical, 
can  be  resolved  by  comparing  signals  taken  concomitantly  at  the  same 
shock  timing  station. 
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THE  IONIZATION  PROBE 


A  shock  wave  of  siifflclent  strength  propagating  through  a  particular 
gaseous  medium  will  cause  substantial  ionization  of  the  gas  which  it 
has  overtaken  (see  Reference  5)*  This  is  true  for  a  shock  traveling 
faster  than  about  Mach  5  in  air>  for  example.  At  a  given  instant  during 
shock  propagation  the  gas  in  the  expansion  chamber  is  composed  of  a 
low  pressure  and  low  electrical  conductivity  region  ahead  of  a  high 
pressure  and  hi^  electrical,  conductivity  region  sharply  separated  by 
a  shock  front.  A  metal  probe  is  initially  charged  to  a  high  negative 
potential,  relative  to  groimd,  in  the  nonconducting  (i.e.  comparatively) 
low  pressure  gas.  As  the  shock  front  passes  the  probe  a  fast  Jump  in 
gas  conductivity  occurs  giving  rise  to  a  corresponding  fast  drop  in 
potential  between  the  pix)be  and  groiand  which  is  subsequently  used  as 
the  timing  pulse. 

Figure  la  shows  an  ionization  probe  composed  of  a  steel  pin,  about 
O.Sma  in  diameter.  Inserted  in  a  teflon  insulating  plug.  Using  the 
circuit  of  Figure  2a  coupled  with  the  cathode  follower  of  Figure  2b, 
an  output  slgnsd.  is  obtained  as  shown  in  Figure  3a.  The  output  signal 
in  Figure  3a  is  for  a  Mach  8.9  shock  in  Argon  at  an  initial  pressure, 
equal  to  10mm  Hg.  A  Zener  diode  used  in  the  probe  output  circuit 
clips  the  signal  at  about  5  Volts  to  prevent  overloading  the  timer 

s 

circuits.  The  probe  circuit  is  essentlsilly  a  high  speed  discharge 
circui" .  with  a  frequency  response  in  excess  of  that  necesseuiy  to  keep 
up  with  the  rate  of  onset  of  gas  conduction  corresponding  to  passage 
of  the  shock  front. 

Fortunately,  with  Increase  in  shock  velocity,  U  ,  there  is  a 

s 

corresponding  decrease  in  signal  rise  time.  IRie  faster  signal  rise 

time  reduces  the  error  in  timing,  dt,  by  a  factor  nearly  equal  to 

that  of  the  increase  in  U  •  The  net  result  is  that  the  base  line 

s 

requirements  are  only  slightly  affected  over  a  wide  range  of  incident 
shock  strengths.  Indeed,  the  base  line  may  be  kept  the  same  and  still 
satisfy  over-ell  accuracy  requirements  in  time  Interval  measurement 
for  nearly  the  entire  range  within  which  the  ionization  probe  is  operable. 
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THE  GLOW  PROBE 


A  stable  glow  discharge  may  be  set  up  between  a  cathode  and  an 
anode  in  a  gaseous  medium  whose  pressxire  lies  within  a  certain  range. 
This  range  is  about  0.1mm  Hg  to  about  25mm  Hg  pressure  in  air,  for  a 
"normal"  glow  discharge  (see  Reference  If).  15ie  nature  of  the  glow 
discharge  is  determined  by  electrode  spacing  and  geometry,  applied 
voltage,  and  gas  density.  For  the  pinposes  of  shock  timing,  the  glow 
discharge  current  should  be  kept  as  low  as  possible  and  still  be  stable. 
With  too  small  currents  the  potential,  drop  across  the  electrodes  be¬ 
comes  quite  erratic  due  to  randomness  in  gas  conduction  characteristics 
and  sensitivity  to  cosmic  radiation.  Once  glow  discharge  is  estab¬ 
lished,  the  applied  voltage  may  be  lowered  below  "firing"  voltage  and 
still  maintain  a  stable  glow  discharge.  A  higher  firing  voltage  is 
required  for  gas  pressures  above  and  below  about  10mm  Hg  in  air.  With 
too  large  cvirrents  the  potential  drop  across  the  electrodes  is  steady 
but  the  conducting  gas  diffuses  out  from  the  electrodes  and  increases 
the  volume  of  the  glow  (high  positive  ion  density)  and  dark  space  (hi^i 
electron  density)  conducting  regions.  Using  the  shock  tube  wall  as 
the  anode  (usually  grounded)  is  a  drawback  because  the  glow  region 
around  the  cathode  is  relatively  large  and  requires  a  correspondingly 
large  shock  transit  time.  The  switching  action  of  the  shock  front 
comes  about  by  extinguishing  or  effecliively  "blowing  out"  the  glow. 

Except  for  very  slight  pressure  Jumps  across  the  shock  front,  the 
shock  will  blow  out  the  glow  even  though  the  total  shock  pressure  is 
within  the  normal  conduction  range  for  the  initial  applied  voltage. 

This  is  because  of  the  large  velocity  gradient  presented  by  the  shock 
front.  The  probe  has  been  shown  by  the  authors  to  be  operable  even 
for  compression  waves,  the  principle  difficulty  in  this  case  being 
that  the  potential  drop  due  to  change  in  gas  conductivity  (a  function 
of  gas  density)  is  relatively  small.  This  probe  could  be  used  for 
determining  the  rate  of  shock  formation  from  a  compression  wave,  thus 
complementing  the  more  usual  shock  tube  timing  mechanisms  for  measuring 
the  rate  of  decay  of  an  already  formed  shock. 
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Pigiire  lb  shows  a  glow  discharge  probe,  composed  of  two  shaped 
electrodes  set  in  a  teflon  insialating  plug,  utilizing  a  point-to- 
plsuie  design.  This  geometrical  design,  with  negative  pin  and  grounded 
plane,  has  been  shown  to  be  one  of  the  better  designs  not  only  because 
of  very  little  noise  with  small  ciarrents  (see  Reference  4)  but  because 
it  introduces  the  least  possible  circuit  capacitance  which  is  of  utmost 
importance  in  over-all  probe  frequency  response.  Using  this  probe  in 
air  at  pressure  (expansion  chamber  pressure)  equal  to  O.Jmm  Hg,  with 
an  applied  voltage  of  435  Volts  limited  by  a  load  resistor  to  a  current 
of  0.1  ma.,  a  glow  region  of  about  1mm  in  diameter  is  created.  With 
these  initial  conditions  and  a  probe  circuit  as  given  in  Figure  2c, 
the  output  pulse,  timing  a  Mach  2  shock,  is  given  in  Figure  5b.  Clipping 
of  the  signal,  ceui  be  accanQ>llshed  with  a  Zener  diode  as  shown  for  the 
ionization  probe  in  Figure  2a.  If  long  signal  cables  are  required,  a 
coupling  capacitor  and  cathode  follower  would  be  used  as  well  as  clipping. 
Because  the  circuit  of  Flgiore  2c  is  essentially  a  charging  circuit  over 
a  range  of  potential  equal  to  the  drop  across  the  load  resistor  while 
conducting,  it  is  important  to  note  that  signal  reproducibility  reqxilres 
only  that  the  conduction  current  be  the  same  at  each  timing  station  for 
a  given  applied  voltaige,  assuming  the  probes  to  be  physically  identical. 
Current  is  controlled  by  varying  the  load  resistance,  the  change  in  loeid 
resistance  being  compensated  by  an  equal  change  in  range  of  charging 
potential  for  very  small  charging  times. 

Ihere  is  some  indication  that  with  appropriate  probe  geometry  and 
applied  voltages,  the  glow  discharge  may  be  formed  in  gases  whose 
pressure  lies  outside  the  range  of  normal  glow  discharge.  Qhe  authors 
have  not  explored  this  possibility  mainly  because  our  present  shock  tube 
investigations  do  not  reqiilre  expansion  chamber  pressings  in  this  range. 

TEE  THIN  FIIM 

A  short  discussion  of  the  thin  film  timing  probe  is  Included  in 
this  paper  primarily  to  bridge  the  gap  in  operating  range  from  the  glow 
probe  to  the  ionization  probe.  Its  signal  output  is  about  three  orders 
of  magnitude  smaller  than  either  of  the  two  previously  discussed  probes. 
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The  thin  film  is  usually  a  platinum  or  gold  strip  about  lO"  mm 
thick  8Uid  a  fraction  of  a  millimeter  wide  (see  Reference  l).  Because 
its  heat  capacity  is  very  small  it  contributes  virtually  no  thermal 
lEig  to  signal  response  time.  An  Increase  in  resistance  with  ten^ratiire, 
upon  passage  of  the  shock  fronts  provides  an  Increase  in  potential 
which  is  used  as  the  timing  signal..  Hie  ma^ltude  of  this  signal  is 
small  because  the  thin  film  power  dissipation  characteristics  prevent 
drawing  continually  more  than  a  few  milllamps.  While  the  amplifying 
circuits  and  electronic  timer  triggering  level  may  Introduce  error  in 
timing,  the  response  time  of  the  thin  film  itself  is  limited  only  by 
shock  front  transit  time.  The  shock  wave  in  this  case  does  not  act 
as  a  high  speed  switch  to  a  fast  response  charging  or  discharging 
circuit. 

Figure  Ic  shows  a  platinum  thin  film  movuated  on  a  pyrex  cylinder 
which,  used  with  the  circuit  of  Figure  2d,  gives  the  unampllfled  slgneil 
seen  in  the  top  trace  (l)  of  Figure  3c.  Hils  was  for  a  Mach  4  shock 
and  sui  Initial  expansion  chamber  pressure  equal  to  l^nmi  Hg. 

With  low  initial  expansion  chamber  pressures  and  weak  incident 
shocks,  the  thin  film  is  only  slightly  heated  emd  is  unreliable  at  best. 
At  higher  shock  Mach  Numbers  the  resulting  ionization  creates  a  low 
resistance  conduction  path  across  the  thin  film  surface  and  counteracts 
the  Increase  in  film  reslstemce  through  heating. 

RESUME  (F  OPERATING  RANCFS 

For  the  purposes  of  ccopeirlson,  a  piezoelectric  crystal  pressure 
transducer  was  mounted  with  its  center  in  line  (in  the  plane  of  the 
shock  front)  with  the  center  of  the  thin  film.  Hie  signal  from  each 
pickup  was  fed  directly  into  a  dual  beam  oscilloscope  giving  the  traces 
seen  in  Figure  3c.  There  axe  two  features  that  should  be  noted:  first, 
the  pressxire  transducer  signal  starts  before  that  of  the  thin  film  due 
to  the  larger  sensing  width  over  which  the  shock  passes  before  reaching 


*  PZ-6  Pressure  Transducer,  KLstler  Instrument  CoiTp.,  Tonawanda,  N.Y. 
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the  thin  film  and  second,  the  relatively  slower  rate  of  rise  of  the 
pressure  transducer  signal.  Uie  oscillation  in  the  latter  portion  of 
the  pressure  transducer  signal  is  generated  by  crystal  ringing. 

IHie  range  of  operation  of  each  probe  is  summarized  by  means  of  a 
regional  graph  in  Figure  !«■.  The  limiting  curves  on  the  graph  were  cal¬ 
culated  from  maximimi  available  bottle  pressure  using  a  Helium  driver  at 
the  lower  Mach  Numbers  (see  Reference  6)  euid  the  shock  tube  structural 
limits  using  a  combustion  driver  at  the  higher  Mach  Numbers  (see  Refer¬ 
ence  7)  for  two  of  the  Boeing  Airplane  Company  shock  tubes.  It  is  to 
be  understood  that  the  regions  depicted  in  the  graph  will  vary  in  extent 
as  a  function  of  overall  probe  design  sued  kind  of  test  gas,  the  graph 
being  drawn  primarily  for  air. 

SIMMRY 

A  close  look  has  been  given  to  the  principles  to  be  considered  for 
optimimi  design  of  a  localized  effect,  as  opposed  to  integrated  effect, 
shock  timing  probe.  Qbe  principles  of  design  have  been  examined  from 
the  viewpoints  of; 

1)  probe  construction,  geometry  and  appropriate  circuitry 

2)  effect  of  error  in  timing  on  base  line  calculation 

3)  probe  output  signal  shape 

k)  probe  operating  range. 

Insofar  as  the  shock  front  is  employed  as  a  hlc^  speed  switch,  the  effect 
of  shock  front  transit  time  and  necessity  for  sub-microsecond  probe 
circuit  time  constants  have  been  emphasized. 

In  particular,  at  low  initial  expansion  chamber  pressures,  the  glow 
probe  8uid  ionization  probe,  for  weak  and  strcxig  shocks,  respectively, 
provide  output  pulses  on  the  order  of  volts,  l^e  operation  of  each  is 
dependent  upon  the  relative  electrical  conductivity  across  the  shock 
front  and  breaks  down  for  moderate  strength  shocks.  Within  the  latter 
range  the  thin  film,  which  is  sensitive  to  shock  heating  and  provides  a 
signal  on  the  order  of  millivolts,  is  suggested  as  a  timing  pickup. 
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shcx:k  timing  probes 


FIGURE  3 
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SHCX:K  MACH  NUMBER 
FIGURE  4 
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DEVELOPMENT  OF  A  MINIATURE  DYNAMIC  PRESSURE  GAUGE 


Kenneth  Kaplan 

Broadview  Research  Corporation 


INTRODUCTION 

Measurement  of  dynamic  pressure  is  commoLly  made  hy  obtaining  the 
difference  between  stagnation  pressure  and  side-on  pressure.  At  low 
overpressure  levels,  where  the  velocity  of  flow  is  much  smaller. than 
the  speed  of  sound,  this  difference  is  very  nearly  equal  to  dynamic 
pressure.  Even  with  shock  flows  of  Mach  1,  the  difference  between 
stagnation  pressure  and  side-on  pressure  is  within  25  per  cent  of 
true  dynamic  pressure. 

For  a  long  time,  there  have  been  field  instruments  to  measure 
this  difference.  A  typical  instrument  consists  of  a  probe  with  a 
stagnation  pressure  sensor  at  its  tip  and  a  side -on  pressure  sensor 
back  far  enou^  from  the  tip  for  tip  interference  to  be  minimized. 

For  measurements  at  relatively  low  overpressure  levels,  for  measure¬ 
ments  in  short  duration  flows,  and  for  measurements  where  fast  time 
response  is  critical,  this  design  has  a  number  of  major  drawbacks* 

At  low  overpressure  levels,  where  stagnation  and  side-on  pressure 
are  not  greatly  different,  extreme  accuracy  of  measurement  of  either 
pressure  is  required  to  assure  accuracy  of  the  measurement  of  their 
difference.  For  example,  at  an  overpressure  level  of  5  pounds  per 
square  inch,  a  5  per  cent  uncertainty  in  slde-on  and  stagnation 
pressure  would  result  in  a  64  per  cent  uncertainty  in  their  difference. 
At  an  overpressure  of  10  pounds  per  square  inch,  this  same  5  per  cent 
uncertainty  would  result  in  a  56  per  cent  uncertainty  in  the  vsQ-ue  of 
the  pressure  difference. 

For  measurement  in  short  duration  flows,  the  distance  between  the 
sensors  can  result  in  stagnation  and  side -on  pressure  being  sampled  in 
portions  of  the  shock  wave  in  which  the  flow  differs  significantly. 
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For  measurement  where  fast  time  response  is  critical,  the  time 
response  of  the  gauge  design  is  lengthened  by  the  time  for  the  shock  to 
travel  between  the  points  of  measurement. 

The  gauge  to  be  described  largely  eliminates  these  drawbacks.  A 
single  sensor  responds  to  the  difference  between  stagnation  and  side-on 
pressure  directly,  euid  the  points  for  sampling  stagnation  and  side-on 
pressure  are  quite  close  together. 

DESCRIPTION  OP  THE  GAUGE 

The  basic  gauge  design  is  shown  in  Figure  1.  The  gauge  is  in  the 
form  of  a  thin  disk  oriented  with  its  flat  surfaces  parallel  to  the 
direction  of  flow.  Stagnation  pressure  is  saaipled  in  the  center  of 
one  side  of  the  disk  and  slde-on  pressure,  in  the  center  of  the  other 
side.  A  piezoelectric  ceramic  tube  is  mounted  in  the  center  of  the  disk 
with  its  sixis  perpendicular  to  the  disk  faces.  The  two  pressures  act 
on  either  side  of  a  plastic  cap  rigidly  fastened  to  one  end  of  the  tube. 
The  sensitive  element  --  the  tube  --  senses  only  the  difference  of  the 
forces  applied  to  its  cap. 

Stagnation  pressure  is  produced  on  the  front  surface  of  a  small 
block  (stagnation  baffle)  mounted  in  the  center  of  the  stagnation 
pressure  side  of  the  disk.  The  disk  minimizes  the  effects,  on  the  side- 
on  pressure  sampling  port,  of  the  flow  disturbance  created  by  the  stag¬ 
nation  baffle,  but  it  still  allows  the  two  sampling  points  to  be  in  close 
physical  proximity  to  one  another. 

Note  that  there  is  an  adjustable  sealing  ring  on  the  stagnation 
side  of  the  cap.  The  area  of  the  stagnation  side  of  the  cap  is  larger 
than  that  of  the  side-on  side.  The  sealing  ring  is  adjustable  to  equal¬ 
ize  these  areas.  The  stagnation  baffle  is  removable,  and  when  it  is 
removed,  slde-on  pressure  is  applied  to  both  sides  of  the  cap.  Hy  this 
means,  the  equality  of  the  cap  face  areas  to  which  pressure  is  applied 


can  be  tested. 


A  photograph  of  two  gauges  Is  shown  in  Figure  2.  On  the  right 
is  a  steuidard  gauge  with  its  cap  and  cover  plate  removed  euid  the  cap 
on  the  piezoelectric  tube  exposed.  On  the  left  is  a  gauge  designed 
to  measure  dynamic  pressure  close  to  a  surface,  with  its  stagnation 
baffle  in  place. 

GAUGE  EVALUATION  AND  CALIBRATION 

In  verifying  the  correct  operation  of  the  gauges  the  first  step 
is  to  be  certain  that  the  gauge  is  balanced,  i.e.,  that  the  sensitivity 
of  the  gauge  is  the  same  for  pressures  applied  to  either  side  of  the 
disk.  As  noted  earlier,  this  is  accomplished  by  removing  the  stagnation 
baffle  so  that  equal  (side-on)  pressures  are  applied  to  both  sides.  If 
the  gauge  is  bedeuiced,  no  signal  will  be  generated. 

The  stagnation  baffle  is  then  replaced  and  the  gauge  calibrated 
by  exposing  it  to  shock  waves  of  various  strengths  in  a  shock  tube. 

When  this  is  done  it  is  found  that  the  gauge  responds  linearly  to  the 
difference  between  stagnation  suid  side-on  pressure  calculated  from  the 
Rankine-Hugoniot  relations  for  the  shock  front.  Since  the  type  of  sensor 
used  responds  linearly  to  applied  pressure,  this  linear  response  of  the 
gauge  indicates  that  it  is  operating  correctly. 

There  is  additional  Indirect  evidence  that  strongly  confirms  the 
correct  operation  of  the  gauge. 

1.  The  arrival  of  the  contact  surface,  across  which  pressure  is 
uniform  but  density  is  not,  should  be  seen  on  a  record  of  dynamic  pressure 
but  not  on  a  record  of  side-on  pressure .  The  gauges  repeatedly  ex¬ 
hibited  a  decided  signal  increase  at  a  time  after  the  start  of  the 
pulse  that  corresponded  to  the  calculated  eurrival  time  of  the  contact 
surface.  In  siddition,  the  overall  magnitude  of  the  signed  Increase 
corresponds  to  the  expected  magnitude  of  increase  from  the  Rankine- 
Hugoniot  relations. 

No  such  discontinuity  was  observed  in  records  from  side -on  pressure 
gauges. 
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2.  When  the  reflected  wave  from  the  closed  end  of  the  shock  tube 
passes  over  a  gauge  during  the  time  of  measurement,  the  signal  decreases 
sharply  virtually  to  zero  --  while  the  signal  from  a  side-on  overpressure 
gauge  increases  sharply  .  This  is  the  proper  pattern,  for  the  air  flow 
should  be  halted  by  the  reflected  shock,  and  free-field  overpressure 
should  increase. 

The  linearity  of  the  calibration  of  one  gauge  with  cedculated  dynamic 
pressure  is  shown  in  Figure  3*  Note  that  the  gauge  response  to  over¬ 
pressure  is  far  from  linear. 

The  calibration  of  a  later  model  gauge  is  shown  in  Figure  k.  A 
different  piezoelectric  material  was  incorporated  in  the  gauge.  Its 
sensitivity  is  larger  than  that  shown  in  Figure  3  by  more  them  a  factor 
of  8. 

The  inset  in  Figure  4  shows  a  comparison  of  the  calculated  and 
measured  times  of  arrival  of  the  contact  surface  as  a  function  of  incident 
overpressure. 

The  next  three  figures  show  typical  oscillograph  traces  from  a 
number  of  gauges.  Figure  5  is  a  trace  from  an  early  gauge  taken  at  an 
overpressure  of  14.7  pounds  per  square  inch  —  a  dynamic  pressure  of 
4.6  pounds  per  square  inch.  The  traces  of  Figure  6  are  from  a  later 
model  gauge.  They  were  taken  at  overpressure  levels  of  18.0  and  21.0 
pounds  per  square  inch  --  dynamic  pressure  levels  of  6.7  and  8.9  pounds 
per  square  inch.  In  Figure  7  are  shown  a  number  of  traces  from  a 
modified  version  of  the  same  gauge  —  taken  at  various  overpressure 
levels.  This  particular  gauge  exhibits  a  fairly  large  overshoot  which 
results  in  a  response  time  of  approximately  0.8  milliseconds. 

In  the  gauges  produced  to  date,  gauge  response  times  of  as  little 
as  0.1  millisecond  with  noise  levels  of  as  little  as  +  10  per  cent  of 
the  basic  signal  have  been  achieved. 
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DIAPHRAGM!  GAUGE 


Some  development  work  has  been  done  on  a  gauge  which  uses  the 
same  disk-pressure  differencing  principle,  but  which  is  more  suited 
to  use  in  very  hot  shock  flows.  The  basic  design  of  this  gauge  is 
shown  in  Figure  8.  Note  that  pressure  is  applied  to  diaphragms  mounted 
in  the  faces  of  tlie  disk.  The  force  on  these  diaphragms  is  trsmsmitted 
to  the  cap  on  the  piezoelectric  tube  by  a  rod  connecting  them. 

Our  experience  to  date  indicates  that  this  type  of  gauge  can  have 
a  fast  response  time,  but  is  somewhat  noisier  them  the  previously 
discussed  design. 
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SCNIMATK  OP  STANDARD  DYNAMIC  f  RCSSURE  CAUCC 
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CALCULATED  DYNAMIC  PRESSURE  (p«i) 


INCIDENT  OVERPRESSURE  (pii) 
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DYNAMIC  fRESSlME  AND  OVERPRESSURE  TRACES  PROM  OAUOE  04 
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DYNAMIC  PRESSUne  AND  OVERPRESSURE  TRACES  PROM  GAUGE  Q-S 
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TRACES  FROM  GAUGE  0-S  WITH  ORIFICE  RESTRKTIOM 
OVER  THE  STAGNATIOH  PRESSURE  FORT 
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SHOCK  WAVE 
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SCHEMATIC  OF  DIAPHRAGM  TYPE  GAUGE 


AERODYNAMIC  FORCE  AND  MOMESTT  MEASUREMENTS  IN  THE 
NOL  4 -IN.  HYPERSONIC  SHOCK  TUNNEL  NO.  5 
David  N.  Bixler 

U.  S.  Naval  Ordnance  Laboratory 


ABSTRACT 

Extremely  light-weight  models  of  missiles  are  suspended  by  very 
fine  threads  in  the  test  section  of  the  NOL  V-in.  I^ersonic  Shock 
Tunnel  No.  3-  Alongside  the  models  a  light-weight  sphere  is  also 
suspended.  A  high-speed  camera  is  focused  on  the  models  through  a 
window  in  the  side  of  the  shock  tunnel  test  section,  and  Illumination 
of  the  models  is  provided  by  a  rapid-response,  constamt -intensity 
li^t  source.  When  the  shock  tunnel  is  fired,  the  ligsht  source  is 
actuated,  the  fine  threads  holding  the  models  sore  snapped,  Euid  the 
models  are  then  photographed  for  2  l/k  milliseconds  as  they  move 
freely  in  the  Sijock  tunnel  flow.  Prom  the  hi^-speed  camera  film 
(taken  at  a  frequency  of  about  one  frame  every  ^0  microseconds)  data 
of  the  horizontal,  vertical,  and  angulaur  motions  of  the  models  as 
functions  of  time  are  obtained.  Data  of  the  horizonted.  motion  of  the 
light-weight  sphere  are  also  obtained.  Since  the  drag  coefficient  of 
a  sphere  is  fairly  well  established,  this  configuration  is  used  as  a 
test  body  and  the  motions  of  the  models  8u:«  compared  to  that  of  the 
sphere.  From  these  comparisons  the  drag  coefficients,  the  lift 
coefficients,  and  the  moment  ceofficients  are  determined. 

INTRODUCTION 

Figure  1  is  an  Illustration  of  the  NOL  4-in.  Hypersonic  Shock 
Tunnel  No.  5-  To  date,  95  tests  have  been  performed  in  this  facility; 

77  of  these  tests  were  made  for  the  purpose  of  determining  the  eiero- 
dynamic  forces  and  moments  on  models  of  missiles  while  they  were  in 
actual  free  fll^t  in  the  shock  tunnel  flow.  The  tests  were  performed 
under  separate  contracts  with  various  corporations.  Over  90  per  cent  of 
these  tests  yielded  usable  data  from  which  results  could  be  obtained. 
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These  results  consisted  of  the  static  moment  and  drag  coefficients  - 
and  more  recently,  lift  coefficients  -  of  missiles  as  functions  of 
,  missile  angle  of  attack  euid  Mach  number. 

EXPERIMENTAL  TECHNIQUE 

Ibe  folloving  experimental  method  for  obtaining  forces  and  moments 
was  first  outlined  at  the  Second  Shock  Tube  Syn^slum  in  1958  (reference  l). 
A  more  detailed  description  was  presented  by  Dr.  A.  E  Selgel  in  May 
1959  (reference  2).  A  similar  technique,  with  severed  modifications, 
has  been  adopted  by  the  Missile  emd  Space  Vehicle  Department  of  the 
General  Electric  Company  in  its  6-in.  Shock  Tunnel  (reference  5);  while 
at  Cornell  Aeronautical  Laboratories,  the  method  is  being  used  to  determine 
damping  moments  of  models  of  missiles. 

The  high-pressure  chamber  of  the  NOL  4-in.  hypersonic  Shock  Tunnel 
No.  3  is  l4  feet  long  and  has  eui  Inside  diameter  of  10  Inches,  idille  the 
low-pressure  chamber  is  60  feet  long  and  has  an  inside  diameter  of  4 
inches.  The  test  section  is  32  feet  long  and  8  feet  in  diameter.  In 
the  test  section,  two  ll^t -weight  models  and  a  light-weight  sphere 
are  suspended  by  very  fine  threads  and  positioned  so  that  they  hang 
between  two  opposing  windows  in  the  side  of  the  test  section,  as  shown 
in  Figure  2.  A  short-duration,  high  intensity  light  source  is  situated 
outside  one  window  and  focused  to  pass  a  converging  beam  of  light  througdi 
the  test  section  and  over  the  models.  A  hlg^-speed  camera  is  placed  on 
the  opposite  side  of  the  test  section  and  focused  on  the  models.  Attached 
to  the  window  nearest  the  ll^t  source  are  severed  vertlced  and  horlzonted 
grid  wires  to  be  used  as  a  reference  system  on  the  camera  film.  The  ll£^t 
source  is  actuated  by  a  piezoelectric  pressure  tremsducer  at  the  muzzle 
of  the  low-pressure  chamber. 

A 

The  camera  is  a  Beckman  &  Whltely  Dyna^ax  euid  is  operated  at  a 
rate  of  approximately  one  frame  per  40  microseconds.  The  models  are 
'  usually  machined  from  ethocel,  although  veorlous  materials  are  sometimes 

used  for  different  psurts  of  a  model.  A  portion  may  be  made  of  magnesium, 
aluminum,  brass,  or  steel,  in  order  to  Increase  strength  of  a  peurtlcular 
peui:  of  a  model  or  to  position  the  center  of  gravity  at  a  desired  point. 
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The  tolersuice  on  the  machining  of  a  model  is  usually  kept  within  O.OO5 

inch.  The  model  may  have  a  length  of  one  to  6  inches  and  weigh  from  one 

to  50  grams.  The  sphere  which  accompanies  the  models  may  have  a  diameter  > 

from  1/4  to  1  1/2  inches;  the  latter  diameter  being  that  of  a  ping-pong 

ball,  which  is  sometimes  used.  The  sphere  weighs  between  I/5  and  5 

grams,  and,  except  for  the  ping-pong  ball,  is  made  of  nylon.  Figure  5  ‘- 

is  a  view  from  the  back  of  the  test  section  looking  into  the  muzzle. 

In  this  photograph  a  sphere  and  two  hollow  cones  are  seen  suspended  by 
fine  threads. 

In  the  test  section,  the  working  gas  expands  as  a  free  Jet  from 
the  muzzle.  Along  the  sides  of  the  test  section,  three  pairs  of  opposing 
windows  are  located.  These  windows  have  been  placed  such  that  when  the 
models  are  suspended  between  any  pair  of  windows  the  models  will  be  a 
distance  of  80,  l42,  or  2l8  Inches  from  the  muzzle.  At  these  distances 
the  flow  Mach  number  will  be  approximately  8,  11,  or  l4,  respectively. 

The  conditions  in  the  shock  tunnel  for  these  various  Mach  numbers  are 
listed  in  Figure  4.  In  all  cases  the  loading  conditions  in  the  high- 
pressure  chamber  are  the  same.  Toe  powder  charge  used  to  heat  the 
helium  is  Hercules  Unique  powder  and  is  ignited  by  a  series  of  explosive 
primers  running  along  the  Inside  of  the  chamber.  In  the  Mach  8  and  Mach 
11  cases  the  loading  conditions  in  the  low-pressure  chamber  are  the 
same,  but  in  the  Mach  l4  case  the  initial  pressure  is  lower  in  order 
to  avoid  condensation  in  the  test  section  due  to  excessively  low  tempera¬ 
tures.  The  flow  duration  is  approximately  2  l/4  milliseconds,  except  in 
the  Mach  l4  case,  where  it  is  slightly  under  2  milliseconds. 

When  the  shock  tunnel  is  fired,  the  initisd  portion  of  the  flow 
breaks  the  threads  with  which  the  models  are  suspended  in  the  test 
section,  emd  the  models,  initially  at  rest,  are  then  accelerated.  The 
magnitudes  of  the  various  components  of  this  acceleration  are  directly 
proportional  to  the  aerodynamic  drag,  lift,  suid  moment  on  the  models. 

DATA  ANALYSIS 

The  drag  force  on  a  model  is 

Ct.  q  A  =  mx 
D  ^  m 
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(1) 


where  Cjj  is  the  model's  drag  coefficient,  q,ls  its  dynamic  pressure, 

Itr  characteristic  area,  m  its  mass,  and  x  its  acceleration  in  the  direc¬ 
tion  of  the  flow.  The  lift  on  the  model  is  given  by 

Cj,  1  -  w  (2) 

where  is  the  lift  coefficient  of  the  model,  and  y  is  its  acceleration 
Xj 

normal  to  the  direction  of  flow.  Hie  static  aerodynamic  moment  on  the 
model  is 


C  q  A  =  la  (5) 

m  m  n 

where  C  is  the  static  moment  coefficient  of  the  model,  D  is  the  character- 
m  '  m 

istlc  diameter  of  the  model,  I  is  the  moment  of  inertia  about  its  center 
of  gravity,  and  bi  is  its  angular  acceleration.  Similarly,  for  the  sphere 
in  the  test  section  the  drag  is 

s 

where  0*^  is  the  drag  coefficient  of  the  sphere,  a  is  the  dynamic  pressure 
X)  s 

on  the  sBhere,  A  is  its  cross-sectional  area,  m  its  mass,  and  x  its 
acceleration. 

After  a  finite  period  of  flow  time,  the  models  and  the  sphere  will 

have  attained  individual  velocities,  so  that  each  will  experience  a 

slightly  different  dynamic  pressure.  The  difference  between  the  dynamic 

pressures  on  the  model  and  on  the  sphere  (i.e.,  q  and  q  )  has  been  as  high 

s 

as  4  per  cent  of  q.  However,  it  is  generally  easy  to  design  a  test  so 

that  this  difference  will  be  no  greater  than  2  per  cent.  Thus,  with 

negligible  error,  q  is  equal  to  q  .  Then  if  each  of  the  first  three 

s 

equations  above  is  divided  by  equation  (h),  the  resultant  equations  will 
be 

(5) 

(6) 
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(7) 


Now  the  drag  coefficient  of  the  sphere  is  a  fairly  well  known  qusuitity, 
and,  with  the  exception  of  the  accelerations,  all  other  quamtities  on 

the  rig^t-hand  side  of  the  above  three  equations  are  readily  measurable. 

•  • 

Then  the  problem  remaining  is  to  determine  the  ratios  x  ,  y  ,  and 

Y  ¥ 

a  by  analysis  of  the  high-speed  camera  film. 

Obtained  from  the  camera  is  a  strip  of  film  containing  50  to  60 
consecutive  frames  of  silhouettes  of  the  models  and  the  sphere  in  motion. 
Figure  5  contains  six  sanq)le  photographs  taken  from  two  strips  of  film 
of  two  different  tests.  The  top,  middle,  emd  bottom  photographs  were 
taken  at  the  beginning,  middle,  and  end  of  the  flow,  respectively.  In 
these  pictures  the  silhouettes  emd  the  grid  wires  described  earlier  can 
be  seen.  A  strip  of  this  film  is  placed  in  a  projector,  a^id  images  of 
the  silhouettes  in  one  frame  are  magnified  and  cast  on  an  opaque  screen. 

A  full-scale  drawing  or  teoqilate  of  the  image  of  each  model  is  made  on 
a  sheet  of  vellum,  with  the  centerline  and  center  of  gravity  of  the  model 
also  placed  on  each  template.  These  templates  are  then  superimposed  upon 
the  images  of  the  silhouettes  in  each  consecutive  frame  of  the  film,  and 
the  coordinates  of  the  centers  of  gravity  suid  the  amgles  of  attack 
of  the  models  are  measured  and  recorded.  Also  recorded  are  the  coordinates 
of  the  sphere  in  each  frame.  data  obtained  by  this  method  of 

reduction  are  shown  in  Figure  6.  The  plots  in  this  figure  are  shown  as 
they  are  produced  by  the  IBM  70^  computer.  T  e  plot  labeled  "x(l)  vs. 

Frame  No"  is  that  of  the  horizontal  motion  of  the  model  with  time.  The 
plot  labeled  "y(l)  vs.  Frame  No."  is  that  of  the  vertical  motion  of  the 
model  with  time,  auid  the  plot  labeled  "Alpha  vs.  Frame  No."  is  that 
of  the  euagle  of  attack  with  time.  The  last  plot,  which  is  labeled  "x(l) 
vs.  Frame  No.  -  Model  5,"  is  that  of  the  horizonted.  motion  of  the  sphere 
with  time.  The  angles  given  in  this  figure  are  in  units  of  degrees, 
while  the  linear  units  given  here  are  such  that  65O  units  equeO. 
one  inch.  Thus,  this  model  moved  only  about  l/k  inch,  while  the  sphere 
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moved  more  than  an  inch.  The  motion  of  the  model  is  small  because  this 
particular  model  was  one  of  the  most  massive  ever  used  in  these  tests. 

The  data  is  each  of  these  plots  are  now  divided  into  short 

intervals  of  time,  and  a  second-degree  equation  is  fitted  by  the  method 

of  least  squares  to  the  data  in  each  interval.  In  the  same  interval  of 

time  a  second-degree  equation  is  fitted  to  the  data  of  the  sphere  motion. 

These  equations  are  then  differentiated  twice,  and  the  ratio  of  these 

second  derivations  is  taken  as  the  ratio  of  the  model  to  the  acceleration 

of  the  sphere.  For  exaarple,  the  data  in  the  plot  labeled  "Alpha  vs. 

Frame  No."  are  divided  into  short  intervals  of  time.  Assume  that  the 

first  interval  extends  from  frame  number  5  to  frame  number  l8.  Then 

2 

over  this  interved  an  equation  of  the  form  a’  =  a  +  bt  +  ct  is  fitted 
to  the  data  by  the  method  of  least  squares.  Over  the  very  same  interval 

of  time  (frame  number  3  to  frame  number  18)  eui  equation  of  the  form  x*  = 

2  ® 
a  +  b„t  +  c  t  is  fitted  to  the  data  of  the  sphere  motion.  Both  of 
s  s  6  ^ 

these  equations  are  differentiated  twice,  and  the  ratio  of  these  second 

C  . 

derivatives,-^  ,  is  assumed  to  be  the  ratio  g  .  When  this  ratio  is 
placed  in  equation  (7),  a  value  for  the  stati?  moment  coefficient 
over  this  interval  is  obtained.  Vadues  for  the  drag  emd  lift  coefficients 
are  also  obtained  in  a  similar  manner  from  ratios  of  the  horizontal  and 
vertical  accelerations  of  the  model  to  the  acceleration  of  the  sphere. 

Now,  when  a  second-degree  equation  is  fitted  to  the  data,  it  is 
automatlcedly  assumed  that  the  acceleration  of  the  model  is  constant. 
However,  it  has  been  seen  from  Figure  6  that  there  is  a  variation 
in  the  angle  of  attack  of  the  model,  and  thus,  there  is  probably  a 
variation  in  the  forces  emd  moments,  giving  rise  to  a  variation  in  the 
acceleration  components.*  For  each  value  of  a  force  or  moment  coefficient 
determined  for  an  interval  of  the  data,  a  value  of  the  average  angle  of 
attack  over  that  same  Interval  is  determined.  If  the  angular  variation 
of  a  model  in  a  given  Interval  of  time  is  small,  as  it  is  in  Figure  6, 
then  this  average  suigle  of  attack  will  be  a  reasonably  accurate  value 
for  the  angle  at  which  the  calculated  coefficient  occurs. 


*  As  will  be  pointed  out  later,  there  is  also  a  variation  in  the 
dynamic  pressure  q. 
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However,  in  some  tests  the  variation  in  the  angle  of  attack  is 

considerably  larger,  as  in  Figure  7*  Here  the  angular  motion  of  two 

cones  is  plotted  vs.  time.**  In  order  to  obtain  values  for  the  moment 

coefficient  C  as  a  function  of  angle  of  attack  from  the  data  shown 
m 

here,  it  is  first  assumed  that  is  antisymmetric  about  zero  angle  of 

attack,  as  the  case  has  always  been  in  tests  up  to  now.  Then  it  is 

5 

further  assumed  that  C  =  Aa  +  Ba  ,  where  A  and  B  are  constants  to 

m 

be  determined  by  examination  of  the  data.  These  constants  are  cal¬ 
culated  by  first  setting 

(Aa  +  Ba^)  q  A  D  =  la’ 
m  m 

and  integrating  twice  with  respect  to  time.  In  the  resulting  integral 


equation 


I(a  -  a^)  PY  5 

p -  =  A  J  J  aqdtdt  J  “  qdtdt 

everything  is  readily  measurable  except  A,  B,  and  q.  The  dynamic 
pressure  q  has  been  found  to  vary  with  time  in  the  4-in.  Hypersonic 
Shock  Tunnel  No.  3,  and.  thus,  it  is  treated  as  a  variable  here.  It 
is  found  by  first  fitting  equations  to  very  small  portions  of  the  sphere 
motion  by  the  method  described  earlier,  and  taking  the  second  derivatives 
of  these  equations.  These  derivatives  are  then  placed  in  the  drag 
equation  for  the  sphere,  and  values  for  the  dynamic  pressure  at  various 
times  are  found.  With  the  use  of  these  values  and  the  "Alpha  vs.  Frame 
Number"  data,  the  above  integral  equation  is  numerically  integrated. 

This  equation  can  be  Integrated  only  over  a  little  more  them  a  quarter 
of  an  oscillation  of  the  model,  since  there  is  nothing  in  the  equation 
to  allow  for  damping  of  the  model’s  oscillations.  Then  as  the  integration 
is  carried  out  from  zero  to  some  time  t,  the  angle  of  attack  is  decreasing. 


**  I^e  data  in  this  figure  were  obtained  from  film  taken  from  the 
Beckman  and  Whitely  Model  192  High-Speed  Framing  Camera, 
rather  than  the  Dynafax.  Tliese  are  data  from  one  of  the  earliest 
tests  made  with  the  4- in.  Hypersonic  Shock  Tunnel  No.  5* 
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The  double  integration  is  carried  out  twice,  first  to  some  time  t^ 
and  then  to  some  other  time  t^,  and  thus,  two  simultaneous  equations 
are  obtained,  from  which  A  and  B  are  determined.  Upon  comparison  of 
the  results  obtained  by  this  method  of  analysis  in  different  tests, 
and  over  different  intervals  of  integration  in  individual  tests,  it 
has  been  found  that  the  values  of  the  moment  coefficient  obtained  for 
angles  near  the  Initial  angle  of  attack  of  the  model  generally  agreed 
within  15  percent. 

The  test  section  conditions  are  determined  from  the  dynamic  pressure 
as  obtained  from  analysis  of  the  sphere  motion,  in  conjunction  with  the 
directly  measured  pressure  and  shock -wave  velocity  at  the  muzzle. 

Originally,  the  designers  of  the  U- in.  Hypersonic  Shock  Tunnel  No.  5 
were  hoping  to  be  able  to  obtain  daa5)ing  moments  of  models  in  addition 
to  the  static  forces  and  moments.  Thus,  a  model  was  designed  to  attain 
as  much  angular  motion  as  possible.  However,  with  the  non-reflecting 
method  employed  in  this  facility,  there  is  insufficient  time  to  obtain 
dynamic  coefficients.  Therefore,  the  tests  in  this  facility  are  now 
designed  only  for  the  object  of  yielding  data  from  which  the  static  forces 
and  moments  can  be  reduced.  It  has  been  found  from  experience  that  these 
quantities  are  most  accurately  determined  in  tests  where  the  angular 
motion  of  the  model  is  small. 

Presently,  attention  is  focused  on  improving  the  flow  in  the  4-in. 
Hypersonic  Shock  Tunnel  No.  since  the  variation  of  the  dynamic  pressure 
of  this  flow  is  the  chief  obstacle  to  obtaining  greater  accuracy  of 
results.  Attenpts  to  reduce  the  impurities  present  in  the  flow  in  the 
test  section  are  also  being  made,  so  as  to  reduce  absorption  and 
scatter  of  light  from  the  light  source  and  thus  achieve  optical  measure¬ 
ments  of  a  higher  quality.  With  the  realization  of  these  improvements, 
the  capabilities  of  the  free -flight  method  for  yielding  aerodynamic 
information  in  the  4-in.  Hypersonic  Shock  Tunnel  No  5  will  be  enhanced  • 
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SUSPENDED  SPHERE  AND  CONES  AS  SEEN  FROM 
REAR  OF  TEST  SECTION  IN  4in.  HYPERSONIC 
SHOCK  TUNNEL  NO.  3 


FI&  3 
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FIG.  6 
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EXPERIMEinAL  RESULTS  PROM 


THE  I.S.L.  -  HmiRSONIC  SHOCK  TUBE 
Dr.  H.  Oertel 

German-French  Research  Laboratory,  Prance 


INTRODUCTION 

In  the  hypersonic  shock  tube  of  the  Joint  Geman-Prench -Laboratory 
of  St. -Louis  strong  shock  vaves  in  air,  Ng  or  COg  are  produced  by  \ising 
cold  Hg  as  driver  gas.  Part  of  the  shock  heated  gas  is  then  expanded 
in  a  conical  nozzle.  The  expansion  ratio  is  chosen  to  give  Mach 
nimbers  between  k  and  8.  Pour  sorts  of  measurements  have  been  done  so 
far:  Shock  speed  measvirements,  visvialisation  of  bow  waves  and  botmdary 
layers,  drag  measurements,  heat  flow  measurements. 

SHOCK  TUBE 

Slide  1  shows  the  dimensions  of  this  shock  tube.  It  is  a  very 
small  one.  Ihe  length  over  all  is  about  10  m.  IRie  diameters  are  kkmm 
to  15ChBn.  The  driver  pressvure  cannot  exceed  40  atm.  Thus  at  a  Mach 
number  of  8  the  density  is  very  low  and  the  blowing  time  is  very  short. 
Por  instance  at  a  stagnation  temperature  of  5000°  K  the  density  is  only 

about  6«  10  ^  of  sea  level  density  and  the  blowing  time  is  only  about 

-4 

2*10  8,  Just  as  long  as  the  starting  time.  Slide  2  shows  a  sketch  of 
the  nozzle  and  slide  5  a  photo  of  the  nozzle  entrance. 

SHOCK  SPEED  MEASUREMENTS 

Shock  speed  measurements  nave  been  done  by  means  of  small  resistance 
thermometers  as  shock  detectors  and  by  meeuas  of  transistorized  lO^'cps  - 
counters.  Some  results  are  shown  in  slide  4. 
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VISUALISATION 

Three  methods  of  visualisation  have  been  used: 

Shadow  pictures  have  been  taken  by  means  of  the  optical  set-up  shown 
In  slide  5* 

Slide  6  shows  an  exaa^le.  * 

Schlleren  pictures  have  been  taken  by  means  of  the  optical  set-up 
shown  In  slide  7- 

Slide  8  shows  an  example. 

The  Normanskl-lnterferometer  shown  In  slide  9  has  been  used  to  take 
Interf erograms . 

This  Is  a  differential- Interferometer  using  polarized  light  split  by 
Wollaston  prisms.  The  Interferometer  (a)  needs  a  point-light  source. 

The  Interferometer  (b)  can  work  with  an  extended  source.  There  Is 
plenty  of  light  to  take  color  plctiires.  With  this  method  fringe  shifts 
measure  density-differences  between  points  some  0.1  mm  apart. 

The  slides  10  and  11  compare  the  3  methods  of  visualisation. 

The  splitting  angle  of  the  prism  and  Its  orientation  must  be  well  chosen, 
t.3  can  be  seen  from  the  slides  12  and  13.  With  this  method  we  have  been 
able  to  visualize  the  stagnation  line-boundary  layer  of  a  cylinder  at 
Mach  number  8,  as  shown  In  slide  Ik.  One  of  the  problems  studied  so 
far  was  the  detachment  distance  of  the  bow  wave  of  a  cylinder  as  a 
function  of  real  gas  effects.  The  results  Indicate,  that  no  thermodynamic 

_5 

equilibrium  was  ewhieved  with  densities  below  10  of  sea  level  density. 

This  may  be  seen  from  slide  13,  where  a  Is  the  shock  detachment  distance, 

D  the  diameter  of  the  cylinder  and  the  shock  Mach  number  before  the  , 

nozzle.  The  driver  pressure  was  fixed  at  i«0  atm.  Higher  shock  Mach 
numbers  have  been  produced  by  lower  InlticLL  pressures  of  the  driven 

gas  lower  test  section  densities.  * 
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There  was  the  question  of  really  stationary  flow.  The  answer  could  he 
given  hy  series  of  pictures  taken  at  high  frequency.  We  worked  with 

5 

spark  frequencies  up  to  2.5*10  pictures  per  second.  Image  separation 
has  always  been  done  on  rotating  film.  Slide  l6  shows  the  spark  circuit. 

4 

Slides  17  and  18  give  examples  of  pictures  taken  at  10  per  second  and 

5 

10  per  second. 

DRAG-MBASUREMEINTS 

There  was  little  hope  to  be  able  to  meEisure  drag  with  comnercial 

5 

probes.  Proper  frequencies  of  about  10  cps  are  not  sufficient  for 

-4 

measurements  in  some  10  s.  We  th\is  decided  to  use  self made  piezo¬ 
electric  probes  with  pa-  matched  Interfaces.  They  don*t  have  proper 
frequencies.  Probes  of  such  kind  have  first  been  used  in  our  laboratory 
by  Turetschek  17  years  ago  to  measvire  pressure  variations  in  bow  waves 
of  small  bullets.  Turetschek  used  quartz  on  a  lumlnlumiLars .  The 
slides  19  and  20  show  some  examples.  I  have  been  able  to  verify  those 
measurements  by  density-meeaiorements  using  corona  probes.  Those  early 
quartz  probes  had  some  disadvantages,  which  can  be  overcome  by  the 
bariumtitanate  probe  shown  on  slide  21.  With  bariumtitanate  and  brass 
matching  is  not  as  good  eis  with  quartz  and  aluminium.  Never-the-less 
there  is  only  small  residual  oscillation,  as  can  be  seen  from  the 

oscillogram  slide  22  showing  the  drag  on  a  cylinder.  The  time  base 

-4 

represents  10  seconds  per  cm.  The  bar  had  a  length  of  2  m.  Slide 
25  shows  echos  coming  from  the  end  of  the  bar,  when  the  front  had  been 
knocked  by  a  falling  sphere. 

HEAT  FLOW  MEASUREMENTS 

Heat  flow  measurements  have  been  done  by  means  of  the  well  known 
thin  platinum  surface  thermometer;  slides  24  and  25  show  such 
thermometers  on  glass  models.  There  was  some  doubt  as  to  the  reliability 
of  the  flow  measurements  with  probes,  which  had  suffered  erosion  by 
freigments  of  the  second  shock  tube  diaphragm. 
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Slide  26  shows  the  results  of  calibrations  of  a  highly  eroded  probe. 
We  found  out  that  erosion  does  not  matter,  if  the  straight  part  of 
calibration  curves  is  used  to  determine  the  calibration  constant. 

OSCILLATING  BOW  WAVE-RESULTS 

We  have  used  all  the  mentioned  methods  to  study  the  oscillating 
bow  wave  of  a  cylinder  with  a  stick  at  Mach  number  8.  Slide  2J  shows 
the  model. 

Slide  28  shows  pictures  of  the  bow  wave. 

Slide  29  gives  an  oscillogram  of  the  oscillating  dra,g  The  frequency 

li 

of  the  sinusoidal  oscillation  is  2*10  cps. 

Slide  50  gives  an  oscillogram  of  the  oscillating  surface  temperature 
at  the  point  of  maximum  mean  heat  flow. 

Slide  31  shows  the  heat  flow  as  evaluated  from  this  oscillogram. 

The  mean  heat  flow  is  shown  on  slide  32. 


SLIDE  1 


SLIDE  2 


SLIDE  5 


SLIDE  7 
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SEIDE  11 


SLIDE  25 
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IHE  PRESSURE  INSIDE  OPEN  SEELIERS  FROM  ENTERING  SHOCK  WAVES 


HJordis  Celander 

The  Research  Bistltute  of  National  Defence 
Sweden 

!nie  pressure  conditions  which  are  found  Inside  open  air  raid  shelters 
after  bomb  detonations  have  been  Investigated  at  the  Research  Institute 
of  National  Defence .  The  Investigation  was  crlglnally  planned  as  a  purely 
experimental  one.  Some  relations  between  the  pressure  and  the  shape  of 
the  shelter  were  found,  so  the  Investigation  was  extended  to  Include  also 
a  more  theoretical  treatment  of  the  problem. 

The  experimental  Investigations  were  carried  out  with  scale  models. 
Ibe  form  of  these  shelter  models  are  seen  In  Figure  la  emd  lb.  (Scale 
1;10).  The  height  of  the  model  was  everywhere  the  same  (  =  3»6  cm). 
Therefore  the  shock  expansion  Inside  the  models  was  two-dimensional. 

!Rie  two  silts  Indicate  the  placing  of  the  pressure  gages.  IDie  pressure 
Is  simultaneously  registered  In  two  points,  one  Just  outside  the  entrance 
of  the  shelter  model  and  one  Inside  the  model. 

The  shock  wave  was  obtained  from  a  shock  tube  with  circular  cross- 
section.  Figure  2-  shows  how  the  models  were  connected  to  the  shock 
tube.  The  following  psuameters  were  varied: 

1.  Incident  pressure  p2 

2.  length  of  the  entrance  tube  i 

3.  length  of  the  shelter  model 

4.  width  of  the  shelter  model 

3.  angle  of  Incidence  a 

6.  placing  of  the  pressure  gage  Inside  the  model 

The  pressure  gages  were  usually  of  the  piezoelectric  type  (barlimi  - 
tltanlte). 

Figures  3,  4  and  3  shows  typical  pressure-time-curves  obtained  Inside 
the  shelter  models  with  these  gages.  Ibe  time  calibration  pulses,  which 
were  obtained  from  a  derlvatlng  RC  -  circuit,  appeso*  as  sharp  pealcs  on 
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the  curves.  The  angle  of  incidence,  a,  was  here  0°.  Bie  Incident 
pressure  Pg  is  indicated  on  the  vertical  axis. 

Prom  the  records  obtained  it  appears  that  the  pressure  change 
inside  the  shelter  model  consists  of  a  rather  slow  oscillation  with 
superliiQ>osed  shock  wave  disturbances.  This  oscillation  has  been  com- 
pared  with  other  oscillations  in  physics,  particularly  electrical  and 
acoustical.  These  studies  led  to  the  assumption  of  the  following 
analogies  between  aerodynamical  and  electrical  phenomena.  (The  same 
analogies  are  used  in  all  electro-acoustical  comparisons). 


aerodynamical 

electriced. 

energy 

pressvire 

gas  volume 

gas  volume/mlt  time 

frictional  losses 

energy 

potential 

charge 

current 

resistance  R 

L  =  ££ 
s 

L  =  inductance 

pc 

Q  =  capacitance 

L 

_ 

€sL>  V 

r- 

:  c 

resonant  circuit 

VV\r 

resoneuat  circuit 

where  p  =  gas  density  c  =  sound  velocity 

1  =  entrsmce  tube  length  V  =  shelter  volume 

s  =  entrance  tube  cross-section  v  =  resonant  frequency 

•1 

i 

'J 


i 

I 
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Prlnclpeilly,  two  of  these  analogies  can  be  azbltrarlly  chosen. 

In  practice  however ,  It  seems  stil table  to  let  energy  In  one  system 
correspond  to  energy  In  the  other  etnd  to  let  pressure  correspood  to 
voltage,  since  both  are  potential  magnitudes.  Starting  from  these  two 
first  euieilogles  the  remaining  euialogles  can  easily  be  caQ.culated  from 
simple  gas  laws  and  electrical,  equations. 


Uie  air  raid  shelter  will  therefore  here  be  regarded  as  an  aero¬ 
dynamical  resonant  circuit,  ^e  pressure  In  such  a  resonant  clrcvilt 
can  be  caJ.cxilated  from  the  differential  equation 


dp 


LC  ^2 


(t) 


where  P2(t)  Is  the  pressure-time  relation  of  the  entering  shock  wave. 

The  equation  has  been  solved  with  an  anaLLog  conqputer.  P2(t)  Is 
the  pressure  time  relation  of  the  shock  wave  In  the  shock  tube.  No 
formula  for  the  resistance  R  has  been  Introduced  In  this  Investigation. 
The  values  of  R  have  been  chosen  in  order  to  coincide  with  the  eseperl- 
mental  records.  The  curves,  which  were  thus  calculated,  were  ccnqpared 
with  the  records  for  a  =  0.  Both  curves  are  shown  in  Figure  6a  and  b. 

It  appeeu's  from  this  cotaparlson,  that  the  calculation  gives  the  slow 
oscillation,  but  It  does  not  give  any  Information  about  the  superlnqposed 
successive  shock  reflections.  It  seems  however  to  give  raider  good 
Information  about  the  value  of  the  maximum  pressure  Inside  the  shelter 
model. 

Figure  7  shows  records  when  the  emgle  of  Incidence  a  =  90°.  It 
appears  from  these  figures  that  the  frequency  of  the  oscillation  changes 
with  the  shelter  volume  and  the  entrance  length.  The  overpressure  of 
the  Incident  shock  wave  Is  about  1  atm.  Figure  8  shows  registrations, 
where  the  Incident  shock  wave  Is  somewhat  stronger  (2-3  atm.).  From 
these  curves  It  seems  that,  for  a  =  9^°  the  oscillation  disappears, 
when  the  shock  strength  Incree^es  to  about  2  atmospheres. 
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The  above  mentioned  way  of  calculating  the  pressure  changes  inside 
a  shelter  model  works  quite  well  in  the  case,  where  the  volume  of  the 
shelter  model  is  large  compared  to  the  volimie  of  the  entrance.  But  when 
the  shelter  volume  is  small  (or  =  O)  the  formula  cannot  be  used.  Ih 
order  to  obtain  some  possibility  to  estimate  the  pressure  inside  shelters 
of  such  shape  (e.g.  fox-holes)  the  entrance  tube  is  regarded  as  an  aero¬ 
dynamic  transmission  line.  Uie  electrical,  amalogies  anre  applied  to  the 
shelter  model.  For  an  electricad  transmission  line 


the  following  simple  equations  are  obtained: 

e(xj^;t)  =  R’*Ax^-i  +  L  —  +  e(x^-4^;t) 

i(x^;t)  -c  ’ +  G  'Zhc^'e  +  i(x^+dDCj^,*t ) 

In  the  limit  dx  =  0  the  following  equB^tions  aure  obtadned.  !Qiey  aore 
cougared  with  the  aterodynamicad.  equations 

Continuity  eq.  -  =  S  ^ 

at 

Eulers  eq.  -  =  p(u  ^ 

The  changes  in  density  are  regarded  ais  snail,  p  =  p^(l-'^)  where  p^ 
is  constamt  auid  if  varies.  ^  is  Introduced  in  the  equation  above.  If 

u  ^  following  equations  au:e  obtadned 


=  G  e  +  C 


3e  _  h’.  .  t’ 
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G  e  +  C 


5e 


5e 


=  R  i 


From  this  coiBierlsoa  it  appeaxs,  that  the  electrical  and  aierodynainlcal 
equations  are  not  quite  corresponding.  The  electrical  equations  contain 

t  I 

the  terns  G  ‘e  and  R  .1,  vhlch  have  no  equivalence  In  the  eterod^namlccLL 
foxmulae. 


The  conductance  term  G  *0  Is  negligible  In  these  Investigations  and 

f 

vlU  therefore  be  omitted.  The  resistance  term  R  1  Is  not  negligible  as 
eeua  be  seen  in  Figures  3-7.  The  problem  will  here  be  solved  tislng  electrlcsJ. 
symbols.  In  spite  of  the  lack  of  a  resistance  term  In  the  aerodynamical 
formula  a  resistance  term  R*  *1  is  Introduced.  Eliminating  1  between  the  two 
electrical  foxmulae  above  gives 


•  I 

L  C  ■ 


+ 


r’c'- 


9e 


(  a  the  telegraphist's  equation). 


Boxmdary  conditions: 

1.  e  s:  e  and  1  =  0  for  t  ^  0  and  all  x. 

o 

2.  e-e^  =  B(t)  for  t  ^  0  and  x^  =  0 


5. 


de 

'se 


for  =  Jt 


The  function  E(t)  Is  the  pressure-time-curve  from  a  detonating  charge. 
Is  supposed  to  have  the  following  form: 

eomspoid.  to  the  at«,«*ierlc  preeeore 
e  corresponds  to  the  shock  front  pressure 
t  base  of  the  natural  log  system 

I 

T  dtiratlon  of  the  overpressure 
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Olils  differential  equation  was  solved  with  a  digital  coaster. 

Some  of  the  curves,  'vdilch  were  obtained  In  this  way,  are  shown  In 
Figures  9a-9<i  together  with  the  entering  shock  wave.  The  pressure  Is 
here  measured  with  the  entering  shock  front  pressure  as  unit  and  the 
time  Is  measured  with  the  shock  front  travel  time  a'  along  the  entremce 
tube  as  imlt.  Plgrire  9a  shows  four  pressure  curves  obtained  for  different 
duration  of  the  entering  shock  wave.  Shelter  volume  V  =  lOx  entrance 
tube  volixme.  Entrance  tube  length  i  =  10  (4ntr8uice  area.  Figure  9b 
shows  a  curve  obtained  at  the  bottom  of  an  entrance  tube,  when  the 
shelter  voltane  V  =  0.  Figure  9c  shows  four  pressure  curves  obtained  In 
a  shelter  for  different  values  of  shelter  volume  V.  Figure  9d  shows 
four  curves  obtained  at  the  bottom  of  an  entrance  tube,  when  7  =  0.  Ihe 
duration  of  the  entering  shock  wave  has  different  values  In  the  four  curves. 

Figure  10  shows  conqiarlson  between  calculated  curves  and  records. 

Figure  11  shows  pressure  records  at  the  bottom  of  an  entrance  tribe, 
when  V  =  0  for  two  different  lengths  of  the  entrance  tube,  (ik,  k  cm  and 
36  cm). 
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SHOCK  HAVE  BEGAY  IN  lURNEIS 


Robert  0.  Clark 

Ballistic  Research  Laboratories 

As  a  classical  shock  wave  advances  down  a  tiinnel,  two  processes 
act  to  decrease  Its  pressure.  One  is  the  shock  wave  e^^ianslon  In 
one  dimension,  and  the  other  is  due  to  viscous  Interaction  between 
the  wave  and  the  tunnel  wall. 

Obe  following  equation  accurately  describes  the  shock  front 
pressure  versus  travel  distance  of  a  classlceil  shock  wave  In  a 
straight  uniform  tunnel. 


P21  -  1  =  -  l)e  L  A  tj  (1) 

This  equation  Is  a  practical  solution  of  a  differential  equation  which 
was  devised  In  peurt  frcm  theory  and  In  peurt  from  experiment.  Sie 
part  involving  viscous  decay  Is  based  mainly  on  eijqperlmental  results, 
and  the  part  Involving  expansion  decay  Is  based  on  a  theory.  The 
variables  are  shock  front  pressure  ratio  P22  distance  traveled 

X.  The  prime  pertains  to  conditions  at  x  =0.  The  quantll^  k  Is 
defined  by 


where 


for  P2j^  4.  2  . 


k'  *  11  X  10"^  ,  for  P2j^'  >  2  , 


U2  Is  shock  front  velocity. 

I 

Ug  Is  shock  front  flow  velocity. 

f 

ag  Is  shock  front  sound  velocity. 
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Ibe  function  k  Is  a  ratio  of  changes  In  the  shock  front  with  respect 
to  time,  to  changes  with  respect  to  distance.  Other  parameters  are 
physical  dimensions  of  the  tunnel  and  of  roughness  of  the  tunnel  vail. 

A  Is  cross  sectional  area  of  tunnel. 

S  Is  the  perimeter  f  ^  A. 

Ihe  constant  (7)  has  dimension  of  velocity. 

2 

Ibe  function  (1  +  2  en)  Is  a  roughness  coefficient  where  e  Is  the 
mean  height  of  the  protuberances  and  n  the  nimiber  of  them  per  unit  length. 
The  product  en  Is  dimensionless,  and  approaches  a  maximum  rough  vail 
value  of  l/2.  ISie  maximum  value  Is  based  on  the  Idea  that  as  the  nuniber 
of  protuberances  per  unit  length  Increases  beyond  l/2e,  the  roughness 
begins  to  approach  the  smooth  vail  again. 

Ibe  time  T  is  the  mean  time  Intercept  for  the  range  x  as  described 
by  the  equation, 

where  t  Is  the  time  Intercept  at  x  =  0  of  the  wave  front  tahgent  line. 

Is  the  totsd  positive  wave  duration  at  x  =  0,  amd  a^.  Is  the  sound 
velocity  ahead  of  the  shock  front. 

Qhe  proof  of  the  decay  equation  will  be  seen  In  Its  coopeurlson 
with  experimental  results.  For  this  puzpose  a  broad  variation  of  experi¬ 
mented  conditions  were  put  to  the  test;  these  eu:%  Illustrated  In  Figure  1. 
iBie  lines  on  the  grajhs  on  the  left  side  of  Figure  1  show  the  relative 
Inltled  slope  of  the  Individual,  shock  wave  forms  tested.  Opposite  each 
graih  Is  the  sketch  of  the  tube  or  tuzmel  throu£^  which  the  wave  travels.. 
The  numerical  values  associated  with  these  test  conditions  eu:«  tabulated 
In  Table  1.  Here  the  tests  cure  grouped  according  to  emphasis  on  the 

effect  of  variation  of  em  Individual  variable  or  parameter.  Since  these 

A  D 

were  edl  done  on  cylindrical  tunnels,  the  diameter  substitution  ^ 

C8U1  be  made. 
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Certain  relationships  between  viscous  decay  and  e^gpanslon  decay 
are  of  Interest.  The  ratio  of  the  tern  In  the  decay  equation  which 
accounts  for  vlscovis  decay  to  the  terns  which  account  for  total  decay 
at  X  =  0  Is, 


R  = 


7  I  (1  +  2  €nr 


7  f  (1  +  2 


en)  + 


T” 


1CC$ 


(5) 


For  a  smooth  wall  cylindrical  tunnel,  equation  3  rediices  to, 

28  t 


R  = 


58T" 


100^6 


+  1 


Flgiire  2  Is  a  graph  of  equation  4.  Ihe  curve  Is  sectioned  off  where 
most  of  the  eiqpertmenteil  work  was  done.  Also,  a  point  Is  shown  which 
represents  a  probable  prototype  situation  of  a  two  second  positive  duration 
wave  applied  to  a  .28  foot  diameter  tionnel. 


Qbls  analysis  of  the  scaling  situation  between  models  and  prototype 
shows  that  the  probable  prototype  la  In  the  most  convenient  model  range 
In  scale  and  gives  support  to  the  value  of  applying  the  decay  equation 
to  full  scale  tunnels. 


541 


pressure,  ratio  pressure  ratio  pressure  ratio 
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FIG.  I -SKETCH  TO  EXPRESS  VARIATION 
OF  EXPERIMENTAL  CONDITION 
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COMPARISON  OF  DECAY  EQUATION  TO  EXPERIMENT 


SiKIM  CWST/HT, 


SHOCK  TUBE  BIAST  LGADIBO  ON  SCAIED  MODEL  NAVAL  VESSELS 


T.  H.  Schlfflnan 
E.  V.  OalJAgher 
Aznour  Research  Foundation 


Ibis  program  was  designed  Jointly  by  representatives  of  the  David 
Taylor  Model  Basin  and  the  Armour  Research  Foundation,  and  was  Intended 
as  a  first  step  In  the  development  of  a  general  load  prediction  method 
for  ships.  It  was  undertaken  In  order  to  obtain  Infoxmatlon  for  ship 
designers,  regarding  the  nature  of  the  air  blast  loading  on  three  typical 
naval  vessels. 

The  loeids  were  to  be  expressible  as  an  Input  function  for  response 
calculations.  This  basically  means  determining  the  pressure-time  history 
at  each  point  on  the  ship.  However,  for  practical  purposes,  only  the 
pressure-time  history  on  a  limited  number  of  point  need  be  known.  If 
each  point  properly  represents  a  large  or  Important  tributary  area. 

The  effects  of  surging  of  the  water,  which  could  be  esgpected  to 
occur  In  the  vicinity  of  a  full-scale  vessel,  were  not  Included,  since 
this  program  utilized  solid-metal,  scaled  models  rigidly  bolted  to  the 
steel  test  plate  of  the  shock  tube.  It  was  assumed  that  a  flow  field 
existed  cooparable  to  that  which  could  be  expected  to  exist  In  the 
neighborhood  of  a  ship  In  open  water  with  no  ether  significant  obstacles 
to  the  flow. 

MODELS 

Three  basic  models  were  treated  In  this  program.  These  were: 

(l)  the  transport,  (2)  the  destroyer,  and  (3)  the  aircraft  carrier. 
Photographs  of  these  models  are  shown  in  the  figures.  However,  a  few 
general  comments  about  the  models  will  be  given  Tirst. 

Each  of  these  models  was  a  simplified  scale  model  of  a  fuU-sccQ^e 
ship,  8uad  each  was  approximately  40  Inches  long.  The  40- Inch  length  of 
the  model  was  chosen  as  a  compromise  between  (1)  the  model  small  enough 


to  eliminate  excessive  vail  effects  resulting  from  reflectlans  of  the 

shock  vave  between  the  model  and  the  wall  of  the  shock  tube,  and  (2) 

the  model  large  enough  to  allow  for  sufficient  scaling  detail  of  various  ^ 

portions  of  the  ship  and  for  Installation  of  the  gages.  (The  gages  atre 

cylindrical,  l/U  Inch  long  by  l/k  Inch  In  diameter.)  Since  the  lengths 

of  the  three  full-scale  prototype  ships  were  not  ohe  same  (i.e.,  a  full-  » 

scale  aircraft  carrier  is  longer  than  a  full-scale  transport  vessel), 

the  scale  faustors  required  to  yield  shock  tube  models  40  inches  long 

varied  for  each  of  the  three  ships.  The  over-edl  lengths  of  each  of  the 

ships  and  the  corresponding  scale  faustors  for  the  shock  tid>e  models  are 

listed  In  Table  1. 

A  brief  breakdown  of  the  number  of  gages  utilized  on  the  various 
portions  of  the  three  ships  Is  given  in  Table  2,  and  the  locations  az« 
shown  In  the  photographs. 

Figure  1  shows  a  photograph  of  the  transport  model.  The  model 
consisted  of  four  basic  geometric  components:  (l)  the  hull  block,  (2)  the 
main  deckhouse,  (3)  the  forward  deckhouse,  and  (4)  the  rear  deckhouse. 

The  gage  locations  are  Indicated  by  darkened  dots  on  the  photograph.  For 
each  gage  on  the  side  of  the  vessel  ^Ich  is  visible  In  the  photograph, 
there  Is  a  corresponding  gage  on  the  opposite  side  of  the  vessel,  similarly 
located,  which  Is  not  visible  In  this  photograph.  The  Importcuit  geo¬ 
metric  Irregularities  of  shape  which  influence  the  loeidlng  of  the  model 
vessel  are  bbservable.  These  are:  (1)  the  sides  of  the  hull  block  cure 
vertical  neer  mld-shlp  but  slope  Inward  and  downward  at  the  fore  and  aft 
portions  of  the  hull,  so  as  to  create  a  possible  re  entrant  comer  for 
trapping  of  the  shock  front  between  the  hull  and  the  test  plate.  Nulti- 
reflectlcns  of  the  shock  front  between  these  two  surfaces  aure  expected  to 
cause  an  Increase  In  the  magnitude  and  duration  of  the  peeJc  pressures.  ' 

These  quantitative  changes  In  pressum  and'  duration  at  various  locations  on 
the  vessel  were  not  known  prior  to  testing  and  could  not  be  detemlned  from  ^ 

theory  with  any  reliability;  (2)  the  main  decUiouae  hets  overhangs  and 
recesses  which  are  also  expected  to  affect  the  loading  in  an  unpredictable 
manner;  (3)  the  forward  deckhouse  tends  to  Increase  the  helc^t  of  the  hull 
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vsU  locally  auid  sbould  lengthen  the  period  of  reflected  pressure 
acting  on  the  hull;  (4)  the  recur  deckhouse  Is  stepped  In  a  iSKiner  slal- 
lar  to  the  main  deckhouse. 

Zhtultlvely,  It  vas  felt  that  the  loeuUngs  on  these  decUiouse  struc¬ 
tures  should  be  slmlLu*  to  those  for  a  simple  rectcmgular  block  located 
on  a  flat  plate,  which  Is  rather  well  known  for  most  blast  waves.  The 
actual  degree  of  similarity,  however,  was  to  be  deteimlned  experimentally . 
ISie  geoswtry  of  certain  portions  of  this  model  vessel  differed  considerably 
from  that  of  simple  geometric  shapes,  such  as  blocks  axA  cylinders,  for 
which  the  loading  Is  known.  Ccxisequently,  for  these  portions  of  the 
vessel,  the  loading  predictions  made  before  this  series  of  es^rlments 
was  conducted  Involved  a  very  high  degree  of  uncertcdnty.  fbr  exnoiple. 
Figure  1  shows  that  the  back  of  the  hull  Is  curved  considerably,  and  the 
local  angle  of  Incidence  of  the  shock  tube  surface  varies  significantly 
within  a  small  locality.  Pre-test  predictions  of  the  loading  In  this 
region  could  only  be  based  tipon  educated  guesses.  Such  predictions 
ranged  from  about  half  the  Incident  overpressuz*e  to  twice  the  Incident 
overpressure— a  range  which  Is  Inadequate  for  purposes  of  predicting 
response.  Although  not  visible  In  Figure  1,  a  gage  was  placed  on  this 
portion  of  the  hull  of  the  ship,  and  data  obtained  from  this  gage  permitted 
fairly  accurate  prediction  of  the  cosqplete  pressure-time  history  In  this 
region  for  a  wide  range  of  orientations  and  overpressures. 

Figure  2  shows  a  broadside  view  of  the  destroyer  model  placed  In  the 
test  section  of  the  shock  tvbe.  This  model  represents  the  actual  geosmtry 
of  the  prototype  vessel  very  accurately.  No  major  sinpUflcatlons  of  the 
geometry  of  the  deck  structures  were  necesseuy,  since  the  prototype  Itself 
had  a  simple  geosietry.  The  hull  block,  front  deckhouse,  and  rear  deck¬ 
house  were  the  main  components  having  gages.  Die  two  gun  turrets  at  the 
front  the  deck  structures  and  the  two  clrculaur  cylindrical  stacks  were 
not  Instrumented,  but  were  Included  to  simulate  the  flow  obstruction 
properties  of  the  vessel  properly. 
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Figure  3  shows  a  top  view  of  the  aircraft  carrier.  ISie  shape  of 
the  flight  deck  Is  exhibited  here.  Gages  were  placed  on  a  thickened 

part  of  the  overhanging  flight  deck,  Just  to  the  rear  of  the  tower,  ^ 

to  study  the  loadings  on  the  top  and  bottom  on  the  elevators  of  the 
flight  deck. 

Figure  k  shows  a  broadside  view  of  the  starboard  side  of  the  air-  * 

craft  carrier  model.  As  with  the  destroyer  model,  the  aircraft  carrier 
model  has  geometry  almost  Identical  to  that  of  the  prototype.  Very 
little  slmpllflcatlcm  was  required  to  yield  a  practice!  model.  The 
tower  (or  Island  structure)  cem  be  seen  at  about  midship.  It  consists 
of  two  blocks  capped  with  a  circular  cylinder.  It  was  heavily  gaged, 
and  Is  shown  In  more  detail  on  a  later  figure.  The  flight  deck  overhangs 
at  the  front  and  back  of  the  hull  are  visible.  The  flight  deck, 
supported  by  sponsons  can  be  seen  at  midship  below  the  tower. 

Figure  ^  shows  a  close-up  view  of  the  tower,  starboard  side  sponsons, 
and  deck  edge  elevator.  Pour  gages,  not  visible  In  Figure  5»  were 
located  on  the  deck  edge  elevator  overhauag.  Two  of  these  gages  were  on 
the  top  and  two  were  on  the  bottom.  Fran  these  geiges,  the  top  loading, 
the  underside  loadings,  and  the  net  loading  on  the  elevator  were  all 
determined. 

ORmTATICW 

The  orientation,  or  the  angle  of  Incidence  between  the  blast  wave 
and  the  ship  model.  Is  defined  In  Figure  6.  Orientations  of  the  ships 
to  the  direction  of  flow  of  the  blast  wave  covered  the  rsuage  of  zero  to 
90  degrees,  in  50  degree  increments.  Orientations  in  the  range  of  minus 
90  degrees  to  zero  degrees  are,  in  most  cases,  accounted  for  by  model 
symmetry.  However,  for  the  aircraft  carrier,  an  orientation  of  minus  90  » 

degrees  was  also  treated  for  the  same  gage  positions,  In  order  to  Investi¬ 
gate  the  effects  of  model  nonsymmetry. 

Since  It  Is  possible  to  Interpolate  between  the  values  of  the  angle 
of  Incidence  for  which  records  have  been  obtained,  the  values  of  pressure 
and  time  on  the  loading  ciirves  can  be  expressed  as  functions  of  the  angle 
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of  incidence.  Tlius,  curves  are  obtained  for  pressxire  values  or  time 
values  which  are  continuous  over  some  interval  of  0,  such  as 
4  -  90°  ir  6  ^  +  90°  in  some  cases,  or  0°  6  —  +  90°  in  other  cases. 

Ihis  first  range  corresponds  to  loading  orientations  frcan  normal  to 
the  starboard  side,  from  normal  to  the  port  side,  and  all  orientations 
«  of  flow  from  the  front  of  the  ship  between  these  two  limits. 

OVERPRESSURES  AND  felJRATIOWS 

The  treated  overpressiures  varied  from  5  to  50  psl;  however,  most 
of  the  data  were  obtained  at  overpressures  in  the  range  of  5  to  20  psi. 

A  few  shots  were  conducted  at  the  higher  overpressures,  between  20  and 
50  psi,  to  ascertain  the  dependence  (or  lack  of  dependence)  of  the 
important  loading  quantities  upon  the  initial  overpressure  level.  On 
the  basis  of  these  shots,  a  reasonable  assumption  is  that  the  dependence 
on  initial  overpressure  level  could  be  normalized  using  only  the  pressure 
ratio  for  pressures  from  5  to  50  Psi. 

TEST  PROCEDURE 

The  models  were  placed  in  the  test  section  of  the  six-foot  shock 
tube,  and  a  predetermined  quantity  of  primacord  high  explosive  was  placed 
at  some  desired  distance  (at  least  40  feet)  from  the  model  and  detonated 
to  yield  the  desired  shock  strength  in  the  test  section.  Bie  data  were 
obtained  by  using  barium- titanate  pressure  sensors  in  conjunction  with 
the  standard  piezoelectric  gage  circuitry.  The  signals  were  fed  throu^ 
a  preamplifier  into  oscilloscopes.  The  oscilloscope  traces  were  photo¬ 
graphed  by  a  drum  camera,  producing  a  linear  trace  of  pressure-versus- 
tlme  on  the  film. 

Hie  transport  model  was  treated  first.  Initial  tests  were  conducted 
*  at  an  angle  of  Incidence  of  +  90  degrees  (i.e.,  flow  broadside  to  the 

ship  with  the  starboard  side  upstream  and  the  port  side  downstream).  The 
point  pressures  at  individual  gage  positions,  as  well  as  the  average 
pressures  on  each  side  of  the  ship,  were  compared  with  shock  tube  and 
full-scale  atomic  field  test  data  for  the  average  pressure-time  variation 
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on  the  front  and  back  of  a  tvo-dlmenslocal  rectangular  block,  (ibe 

tvo-dlmenslonal  rectangular  block  represented  an  extreme  Ideeillzatlon 

of  the  ship  hull  geometry,  and  had  furnished  a  basis  for  prediction  *- 

of  the  loading  on  ship  structures^.)  Ibese  comparisons  Indicated  that 

the  loe^lngs  on  the  shock  tube  models  of  the  ships  were  consistent  with 

the  predictions  based  upon  the  block  model,  euid  provided  a  link  vlth  v 

the  vast  quantity  of  previous  shock  tube  data.  IRiese  compeurlsons  also 

showed  that  data  from  the  ship  hvill  stnd  the  rectangular  block  were 

closely  related,  but  were  not  exactly  the  same.  Hhe  loading  on  the 

block  clearly  could  not  be  substituted  for  the  shock  tube  data  from 

gages  on  these  ship  models,  but  the  comp6u:l.son  was  sufficiently  close 

to  assure  that  no  major  Interferences  were  resulting  from  wall  effects. 

After  data  at  the  90-degree  orlentatlcm  were  obted.ned,  the  model 
was  rotated  30  degrees  In  the  horizontal  plane  to  obtain  data  at  angles 
of  Incidence  of  0  »  60  degrees,  0  =  30  degrees,  and  finally  at  0  ^  o 
degrees . 

The  test  procedure  used  for  each  of  the  three  vessels  were  essentially 
the  same.  lOie  aircraft  carrier  model,  unlike  the  transport  &uid  destrc^r 
models,  was  not  truly  symmetrical.  Examination  of  the  pressure-time 
records  for  the  aircraft  ceurler  Indicated  that  very  similar  loeuilngs 
were  occurring  at  points  which  would  be  syxuBetrlcally  located  If  minor 
changes  In  gecaietry  of  the  vessel  were  made. 

FORM  OF  IHE  RAW  DATA 

Ihe  data  obtained  were  In  the  form  of  pressure-versus-time  line 
traces  on  film.  A  typical  example  of  the  film  records  obtained  is  shown 

In  Figure  J.  A  calibration  pulse,  which  makes  possible  the  conversion 

« 

of  ordinates  of  the  traces  Into  pressures,  was  associated  with  each  trace.  ^ 

This  pulse  Is  produced  by  Impressing  a  known  change  in  voltage  In  the  geige 
circuit  to  cavise  a  deflection  on  the  oscilloscope  screen.  Uils  deflection 
is  called  the  calibration  deflection.  Ihe  pressing  equivalent  of  the 

« 

^"Proceedings  of  the  Air  Blast  Conference",  Navy  Dept.,  David  Thylor 
Model  Basin,  Edited  by  Cdr.  Robert.  S.  Burpo,  Jr.,  euid 
Mary  C.  Crook,  published  In  April  19^8,  report  C-860  (Confidential) 
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calibration  deflection  can  be  ccanputed  from  the  known  circuit  properties 
emd  the  gage  constant.  A  series  of  dots  one  millisecond  apart ^  which 
permitted  the  conversion  of  the  horizontal  scale  into  time  units ^  also 
appeared  on  each  film.  Povir  channels  of  instrumentation  were  recorded 
on  each  of  two  films,  designated  as  film  A  and  film  B.  Qhe  top  gage  of 
film  B  represents  the  record  of  Idle  monitor  gage  on  the  shock  tube  wall. 
The  other  seven  records  represent  the  pressure-time  histories  at  indi¬ 
vidual  points  on  the  models. 

:nie  various  traces  were  then  compared  with  one  another,  and  with  the 
free-stream  pressure,  to  detemlne  where  trends  existed  in  the  loading. 
The  records  exhibited,  to  varied  extents,  the  distinctive  characteristics 
of  the  usual  two-phase  loading  schemes.  Figures  ^  and  8  exemplify  this 
two-phase  loeidlng  curve.  These  two  phases  are  the  diffraction  phase  and 
the  pseudo-steady-state  or  drag  phase.  [Die  diffraction  phase  corresponds 
to  the  initial  period  of  the  loading,  when  the  shock  wave  engulfs  the 
model  and  causes  comparatively  rapid  variations  in  pressure  on  all  of  the 
surfaces.  The  shape  of  the  loading  during  this  diffraction  period  is 
characterized  by  Jagged  straight-line  segments.  The  second  phase  is  the 
drag  phase  of  the  loading  commencing  as  soon  as  the  diffraction  phase  has 
been  completed.  The  time  t  =  0  for  each  gage  was  chosen  as  the  time  at 
which  the  shock  first  reached  that  particular  gage. 

The  diffraction  phase  of  each  trace  was  lineeurized  by  replacing  the 
recorded  signel  with  representative  straight  lines  whose  points  of  inter¬ 
section  represent  critical  values  of  pressure  and  time.  Figure  8  illus¬ 
trates  the  llnesurlzatlon  of  a  typical  record. 

A  smooth  approximation  to  the  pressure-time  record  during  the  eeurly 
part  of  the  drag  phase  was  drawn  in.  The  difference  between  this  smooth 
approximation  to  the  record  and  the  superimposed  free-stream  static 
pressure  curve  represents  the  dreig  conqponent  of  the  total  loading  for  the 
record.  The  free  stream  static  pressure  was  measured  at  the  tube  wall. 

An  attempt  was  made  to  compute  drag  coefficients  on  the  basis  of  the 
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e:q>erimental  records  but  it  proved  Infeasible,  primarily  because 
the  free-stream  dynamic  pressure  could  not  be  measured  satisfactorily. 

Hie  above  process  yielded  a  form  of  idealized  loading  scheme  for 
each  record,  as  shown  in  Figure  9*  While  this  figure  shows  only  three 
critical  p'>ints  occurring  during  the  diffraction  phase  of  the  loading 
prior  to  the  time  t^,  at  which  time  the  drag  phase  begins,  as  many  as 
five  critical  points  were  observed  on  some  of  the  records. 

Hie  pressures  were  normalized  by  dividing  by  side-on  pressures 

evaluated  at  their  respective  times  of  occurrence.  Hiey  were  then 

conveniently  referred  to  by  utilizing  the  following  nomenclature: 

Pj  =  PCt. )/p  (t. ),  where  p.  is  the  normalized  pressure  at  the  time  t . , 
110  11  1 

p(tj^)  is  the  pressure  of  the  gage  at  the  time  t^,  and  is  the 

free  stream  pressure  of  the  monitor  gage  at  the  time  t^^.  Hiis  allows 
for  the  wave  shape  factor,  and  permits  extrapolation  of  the  data  over 
a  wide  pressure  range. 

Hie  time  of  occurrence  of  any  event  on  the  pressure  records  depends 
on  the  size  of  the  model  used,  as  well  as  on  the  velocity  of  propagation 
of  the  disturbance  which  caused  the  event.  Hiis  disturbance  velocity 
is  taken  as  the  shock  speed  (U).  Hius,  critical  time  values  were 
scaled  linearly  with  model  size  and  shock  speed.  For  an  event  which 
occurs  at  the  critical  time  t  on  the  shock  tube  model  of  length  L,  when 
subjected  to  an  overpressure  having  velocity  U,  new  time  values  t' 
corresponding  to  a  geometrically  similar  vessel  of  length  L',  loaded 
at  an  overpressure  having  a  velocity  of  propagation  U',  can  be  computed 
simply  by  multiplying  the  value  of  t  by  the  factor  (L'U/UJ’),  to  obtain 
t'^  =  t^  (L'U/UJ').  Since  the  results  of  this  study  are  intended  to 
be  used  by  designers  of  full-scale  ships,  the  units  chosen  have  time 
dimensions  corresi^onding  to  a  full-scale  ship  of  the  dimensions  shown 
in  Hable  1.  In  this  program,  the  time  values  have  been  expressed  for 
a  shock  speed  corresponding  to  eui  arbitrarily  selected  10  psi  initial 
overpressure.  Conversion  to  other  ship  sizes  and  to  other  shock  velo¬ 
cities  csui  easily  be  accanpllshed,  using  the  scale  factor  (L'U/U'L). 


Once  the  records  had  been  emalyzed  In  the  fashion  discussed  above, 
the  pressure  ratios  and  critical-time  values  were  tabulated  for  each 
gage  position  with  various  angles  of  Incidence,  0.  The  values  were  then 
plotted  using  Cartesian  coordinates,  with  0  as  the  abscissa.  TSils  type 
of  plot  Is  Illustrated  In  Figure  10. 

Ihls  figure  shows  that  the  nimiber  of  critical  points  In  the  dif¬ 
fraction  phase  of  a  gage  record  could  well  vary  with  the  angle  of  Incidence. 
Each  of  the  three  typical  schematic  pressure-time  curves  of  Figure  9  are 
labeled  to  Indicate  the  corresponding  range  of  0  In  Figure  10. 

samAHY 

Figure  10  Is  typical  of  the  results  of  this  program.  Each  gage  on 
each  of  the  three  models  yielded  a  plot  slmlleur  to  that  of  Figure  10. 

The  shapes  of  the  curves  varied  widely  for  different  gages  euid  different 
models,  corresponding  to  the  different  loading  phencmena  which  occurred. 
This  vast  body  of  data  Is  unneccessary  In  this  paper.  The  nature  of 
the  problem  and  Its  solution  are  considered  understandable  In  tezns  of 
the  one  example  given. 

In  addition  to  fulfilling  the  explicit  objective  of  the  program, 
l.e.,  determination  of  loeidlng  for  use  by  ship  designers,  the  results 
can  also  be  used  to  provide  a  better  understemdlng  of  the  actual  physical 
phenomena  Involved  In  the  complex  Interaction  of  shock  waves  with  solid 
bodies . 
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Tttble  1 


SIZE  AMD  SCALINQ  DAXA 


Model 

Orar-all  Lezigth  of 

Settling  Factor  for 

Type 

Full  Scale  Vessel,  ft. 

Shock  Tube  Model 

Destroyer 

512 

146 

Aircraft  Carrier 

1036 

306 

Tranaport 

560 

168 

354 


nible  2 

DIBTOIBUTIOH  OT  aA(&  LOCATIOMB  OH  MODELS 


Model 

Portion  of  Model 

Aadsar  of  Oafs  Positions 

Ttren^poirt 

Boll 

8 

Deck 

2 

Ifeiln  Deck  House 

6 

Destrogper 

Hull 

3  1 

Deck 

1 

Deck  Structures 

16 

Hull 

13 

Aircraft 

Sponsons 

7 

Deck 

3 

Carrier 

Deck  Bdce  EleTStlon 

k 

Island  Structure 

8 

360 


I 


t  >  V 


H  ^ 

,«ao«»j»»» 


Fig-  ^ 
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A  PRELMENAHr  SYSTEM  FOR  PRODUCTION  OP 
HIGH  ENERGY  PORE  GAS  FOR  HYPERSONIC  TESTING 

J.  E.  Minardi 
C.  E.  Pax 

University  of  Dayton  Research  Institute 


k 

There  exist  many  systems  for  simulating  aerodynamic  problems  In  the 
laboratory.  A  common  requirement  of  these  systems  Is  a  considerable  amount 
of  high  energy  pure  gas.  Hie  high  temperatures  and  pressures  required  to 
drive  test  systems  at  Increasingly  higher  gas  velocities  for  reasonably 
long  durations  of  time,  give  rise  to  considerable  difficulty  in  the  con¬ 
struction  of  such  systems.  A  common  approach  to  this  problem  is  to  store 
a  reasonably  cool,  high  pressure  gas  and  as  It  e:qpands  Into  a  test  section, 
energy  Is  rapidly  added  to  the  gas.  Common  examples  of  this  technique  are 
the  hot-shot  tunnels  and  other  arc-jet  facilities.  Cue  notes,  however, 
that  for  many  tests  the  Impurities  introduced  by  these  methods  are  unde¬ 
sirable.  Another  approach  to  this  problem  is  the  use  of  high  pressure 
driver  gas  to  compress  and  heat  a  lower  pressure  charge  gas  which  is  then 
used  as  the  test  gas.  A  typical  system  of  this  type  is  a  shock  tunnel. 

Ihe  charge  gas  is  not  contaminated  In  this  system  as  It  Is  ccnqpressed  and 
heated  by  the  primary  and  reflected  shock  waves.  This  charge  gas  Is  then 
at  a  pressure  corresponding  to  pressure  behind  the  reflected  shock,  which 
is  considerably  below  the  driver  pressure.  If  then  a  final  isentropic 
compression  to  driver  pressure  could  be  achieved,  the  performance  of  this 
system  could  be  considerably  improved.  Of  course,  this  final  isentropic 
con^resslon  is  not  realized  In  a  shock  tube  or  shock  tunnel  since  the 
broadened  interface  would  permit  mixing  with  the  cold  driver  gas. 

A  method  which  might  permit  this  final  compression  while  retarding  » 

mixing  and  keeping  heat  losses  low  was  conceived  at  the  Aeronautical 
Research  Laboratory  at  Wright-Patterson  Field.  A  preliminary  system  of 
this  type  is  being  investigated  at  the  University  of  Dayton.  A  layout 
of  this  system  Is  shown  In  Figure  1.  Ihe  three  bottles  shown  store  the 
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driver  gas  at  pressures  up  to  200  atmospheres  and  Join  to  drive  a  shock 
tube  4.9  inches  internal  diameter  and  27  feet  long.  A  compression  chamber 
is  shovm  at  the  end  of  the  shock  tube  and  in  Figure  2.  The  orifice  plate 
between  the  shock  tube  and  the  ccanpression  chamber  reflects  the  primary 
shock  wave  at  nearly  the  strength  associated  with  reflection  frcan  a  closed 
end  tube.  The  ratio  of  tube  area  to  orifice  area  is  approximately  2k. 

The  reflected  wave  then  heats  the  charge  gas  in  the  shock  tube  and  the 
flnad  phase  of  the  compression  will  occur  as  the  gases  enter  the  conqpresslon 
chambers.  As  the  charge  gas  enters  the  orifice  it  flows  through  the  radial 
nozzle  to  the  periphery  of  the  main  compression  chamber.  At  this  location 
guide  vanes  impart  a  swirl  to  the  entering  gas.  Tlie  centrifugal  force 
associated  with  this  swirling  motion  tends  to  retard  the  mixing  of  the 
entering  gas  with  gas  already  in  the  compression  chambers.  The  ideal 
Interface  remains  in  the  shock  tube  even  after  final  compression.  However, 
broadening  of  this  interface  may  permit  some  portion  to  enter  the  compresslcc 
chambers.  Mixing  of  this  portion  of  the  driver  gas  with  the  charge  gas  is 
retarded  by  the  swirl  Imparted  to  the  gas  as  it  enters.  A  second  chamber 
is  also  shown  which  is  separated  from  the  main  chamber  by  a  second  orifice 
plate  which  also  retards  mixing.  In  an  operational  system  the  second 
con^resslon  chamber  would 4i)0sslbly  be  replaced  by  an  expansion  nozzle  into 
a  test  facility.  Ihe  electrical,  heating  elements  which  form  the  walls  of 
the  conqpresslon  chamber  serve  to  reduce  heat  losses  from  the  chambers  by 
furnishing  a  hot  inner  surface  auid  also  serve  to  preheat  the  gas  in  the 
coi^presslon  chambers.  Heat  losses  are  also  reduced  by  the  small  surface 
area  to  volume  ratio  of  the  chambers.  The  thermal  insulation  sepeurates 
the  structural  members  of  the  chambers  from  the  heating  elements.  Inserts 
shown  in  the  compression  chambers  permit  variation  of  the  volume  of  these 
chambers.  The  piston  shown  near  the  inlet  orifice  is  used  in  a  different 
configuration  to  initiate  flow.  Ih  the  system  described  herein  this  piston 
is  inoperative  and  retracted  so  that  its  face  is  flush  with  the  plate 
shown.  Another  inlet  configuration  which  would  reduce  heat  losses  from 
the  entering  gas  would  have  an  annular  inlet  at  the  swirl  vanes  rather 
than  the  central  orifice  and  radial  nozzle. 
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A  double  diaphragm  section  is  used  in  the  shock  tube  as  shown  in 
Plgiire  5*  Clamping  force  is  obtained  by  means  of  driver  pressure  acting 
on  an  angular  piston.  Uhscored  annealed  alumlniun  dla^dirams  have  been  k. 

used. 

Ideal  performance  of  a  system  of  this  type  is  Included  on  Figure  4. 

The  initial  conditions  assumed  for  the  real  gas  curves  were  air  at  ^ 

500  degrees  Kelvin  and  atmospheric  pressure.  These  curves  are  for  air 
and  were  developed  assuming  no  heat  losses.  (Reference  l) 

Ghe  shock  Mach  number  (M  )  is  that  of  the  primary  shock  wave  and  the 

s 

ratios  of  driver  pressure  to  initlaJ.  charge  pressure  shown  are  those  which 
produce  the  indicated  shock  Mach  Number  in  an  unheated  air  to  air  shock 
tube.  Ghe  temperature  ratios  (based  on  initial  change  temperature) 
obtained  after  the  primary  and  reflected  shock  waves  are  T^g  and  T^^, 
respectively.  The  final  temperattare  ratio  (T^)  which  could  be  achieved 
by  Isentropic  conqpresslon  from  conditions  stfter  the  reflected  shock  to 
driver  pressure  is  aJLso  shown  for  a  perfect  gas  with  y  ?  1.4  and  air 
(real  gas)  at  the  previously  stated  initiail  conditions.  The  temperature 
ratios  for  6in  isentropic  cotqpresslon  of  air  from  the  same  Inltled  conditions 
to  driver  pressure  is  also  shown  for  comparison. 

The  heat  losses  from  the  high  velocil^  hot  gas  in  the  shock  tube  can 
be  estimated  by  using  the  analogy  with  flow  by  a  flat  plate.  For  lAminaT 
flow  heat  transfer  per  unit  area  and  time  is 


where  is  a  boundary  layer  function  idiich  depends  on  initial  conditions, 
and  t  is  time  since  primary  shock  arrival  at  the  station.  Prom  Reference  2 
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T  =  recovery  tejuperattire 

r 

=  wall  temperature 

(K  p  c  )  =  conductivity,  density,  suid  constant  pressure  specific 

P  W0 

heat  of  the  gas  at  the  wall  surface  temperature  and 
local  pressiire 

u  =  particle  velocity  Induced  by  primary  shock  wave 

Ug  =  primary  shock  velocity 

By  replacing  the  time  after  shock  passage,  t,  by  t  -  x/u  where  t  Is  time 

s 

after  dlaphz'agm  rupture  one  obtains  the  total  heat  loss  from  the  shock 
heated  gas  until  passage  of  the  reflected  shock  as 


The  two  Integrals  account  for  heat  losses  at  a  station  until  arrival  of  the 
Interface  and  until  eirrlval  of  the  reflected  shock  respectively. 

s  s  position  of  collision  of  r^lected  shock  and  Interface 

=  m  -  p^^/p2b) 

D  =  tube  diameter 

u^^  =  reflected  shock  velocity 


The  total  heat  loss  during  shock  heating  for  laminar  boundary  layers  Is  then 

54 
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For  turbulent  boundary  layers  q  =  t  ’  where  Is  again  dei>endent 
only  on  Initial  conditions  and  Is  given  by 
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(“  ^0•2/'  „\0.8/'c  \  p  c  u  /  \( 

(i) 

T  ^ 

T  >  mean  temperature  between  wall  and  stream 

\i  =  coefficient  of  viscosity 

P_  »  Frandtl  nuaber 


Heat  losses  which  occur  after  the  reflected  shock  passage  and  during 
final  coopresslon  to  driver  pressure  can  be  euscounted  for  by  using  a 
suitable  polytropic  exponent,  n,  in  the  equation  T^T2s  " 
idiere  subscrljits,  f  and  2s  refer  to  final  conditions  and  conditions  after 
the  reflected  shock  with  heat  losses. 

Construction  of  this  system  has  recently  been  completed  ah^ira 
down  operations  have  been  perfomed.  However,  not  a  sufficient  amount  of 
reliable  test  data  have  been  obtsdned  to  peznlt  performance  evaluation  at 
this  time. 
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Figure  2.  Compression  Cham] 


575 


Figur*  3.  Dottbl*  Diaphragm  Aasambljr 


i 


Figure  4.  Theoretical  Temperature  Ratio 
Without  Heat  Loesei 
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STUDy  OF  GAS  lOmZING  SHOCKS  BY  STREAK  SCHLIEREN  METHODS 

6.  D.  Kahl 

D.  B.  Sleator  « 

Ballistic  Research  laboratories 

I.  IMTRODOCTIOM  * 

In  recent  years  the  Ionized  plasma  has  received  considerable 
attention  from  Investigators  Interested  In  magnetohydrodynanlcs ,  thermo¬ 
nuclear  processes,  and  high  speed  aerodynamics.  The  shock  tube  offers 
a  convenient  laboratory  method  for  producing  highly  Ionized  plasmEis,  and 
magnetically  driven  shock  tubes  have  been  developed  which  are  capable  of 
producing  Mach  100  shocks  In  low  pressure  gases.  hull 
The  conventional  pneumatically  driven  dlajdiragm-type  shock  tube  has  been 
abandoned  In  the  attend  to  attain  these  very  high  speed  shocks,  since 
It  has  an  upper  limit  on  the  shock  Mach  number,  even  when  the  pressure 
ratio  becomes  very  large.  Researchers  have  found  It  easier  to  dispense 
with  the  diaphragm  and  to  heat  and  accelerate  a  portion  of  the  test  gas 
as  the  driver  by  means  of  electric  currents  and  associated  magnetic 
fields.  Such  shocks  usually  show  fairly  strong  attenuation,  not  only 
because  of  the  method  of  driving,  but  also  because  of  the  energy  losses 
due  to  radiation. 

A  new  set  of  complications  are  encountered  In  the  shock  processes 
as  the  Mach  number  Increases.  In  the  diatomic  gas,  vibrational  excitation, 
dissociation,  and  Ionization  occurs,  each  with  its  own  relaxation  time,  and 
a  non-equillbrlum  flow  regime  exists  for  some  distance  behind  the  shock. 

Many  techniques  have  been  emiloyed  to  examine  these  fast  shocks, 
including  spectroscopy,  microwaves,  and  interferometry.  However,  for 
visualizing  the  flow  over  a  finite  distance  the  ordinary  streak  camera 
is  convetilent,  and  has  been  used  extensively;  cut  Image  of  a  slit  window 
along  the  shock  tube  Is  swept  transversely  by  a  rotating  mirror,  and  the 
self  luminous  Ionized  gas  front  Is  displayed  on  the  film  In  a  time- 
distance  diagram.  For  the  very  fast  shocks  the  luminous  front  Is 


376 


essentially  coincident  with  the  shock;  shocks  preceding  the  luminous 
front  hy  a  significant  distance  can  he  located  hy  reflecting  a  portion 
of  the  shock  from  an  obstacle,  thereby  quickly  rendering  It  self- 
luminous  before  the  main  luminous  front  arrives. 

For  flows  with  significant  spacing  between  the  shock  and  self 
luminous  front,  the  addition  of  a  fairly  single  back- lifted  schlleren 
optical  system  to  the  streak  camez«  can,  under  certain  conditions,  locate 
the  shock  without  mechanically  disturbing  the  flow,  and  at  the  same  time 
give  a  reeisonable  detailed  plctxure  of  the  flow  processes. 

It  Is  the  purpose  of  this  paper  to  demonstrate  the  application  of 
the  streak  schlleren  method  to  shock-ionized  curgon  flows  produced  In  a 
small  electric  shock  tube.  Previous  studies  of  argon  shocks  up  to  Mach 
19. 5  have  been  carried  out  In  detail  by  Petschek  and  Byron  ^  and 

kl 

Interferometrlcally  by  Alpher  and  White  — '  ;  thus  the  schlleren  results 
can  be  compared  to  an  accepted  model  of  the  Ionizing  shock,  at  least  up 
to  Mach  19. 5* 

II.  THE  SHOCK  TUBE 

The  shock  tube  used  In  the  experiments  Is  similar  to  one  described 
previously  by  Blackman  and  Niblett  this  one  Is  a  1"  diameter  pyrex 
tube  with  a  vacuum  pump  connection  at  one  end,  and  an  Inlet  bleeder 
valve  at  the  other.  The  shock  is  energized  by  a  strap  conductor,  1/U" 
wide,  wrapped  around  the  tube,  carrying  a  discharge  current  from  a  .6 
microfarad  condenser.  The  electric  field  Induced  Inside  the  tube  must 
be  sufficiently  strong  to  cause  electrical  breedidown  In  the  gas.  Then 
currents  are  Induced  Inside  the  tube,  heating  and  coiiQ>resslng  the  gas 
In  the  vicinity  of  the  external  loop.  Flg\ire  (l)  shows  the  doughnut 
shape  of  glow  produced  when  Just  enough  voltage  Is  used  to  Ignite  the 
tube.  At  higher  condenser  voltages,  shocks  proceed  down  the  tube  In 
both  directions  from  the  loop;  a  time  exposed  photograph  for  30  KF  on 
the  condenser  Is  shown  in  Figure  (2).  For  most  of  the  tests,  a  two  turn 
loop  was  used,  with  30  K.V.  initial  condenser  voltage,  and  a  luclte 
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reflector  was  positioned  In  the  tube  beneath  the  discharge  coll  to 
confine  the  shock  to  one  direction.  The  results  of  shock  velocity 
■easurements  18  cm.  from  the  coll  as  a  function  of  Initial  tube  pressure 
are  shown  In  Figure  3*  It  was  found  that  the  velocities  decreased  by 
20^  while  traversing  the  distance  from  10  to  20  cm  from  the  discharge 
loop.  The  velocities  cure  seen  to  Increase  rapidly  as  the  Initial  pres* 
sure  Is  decreased. 

Ill  THE  SCHUERHI  OPTICS 

The  optical  system  Is  Illustrated  In  Figure  (4) .  The  backlighting 
source  is  an  exploding  wire  (behind  a  silt)  which  Is  triggered  on  signal; 
this  source  Is  very  bright  for  about  20  n  see  and  maintains  a  lower  but 
nevertheless  usable  Intensity  for  about  80  ^  sec.  Both  wire  and  slit 
are  perpendlcvtlar  to  the  shock  tube  axis;  the  slit  width  Is  usually  set 
between  l/l6  and  l/d  Inches.  A  10  Inch  diameter,  30  inch  focal  length 
lens  Is  positioned  next  to  the  shock  tube  about  90"  from  the  backlighting 
source;  a  .023"  width  slit  positioned  at  the  shock  tube  wall  eliminates 
all  of  the  backlighting  rays  except  those  idilch  pass  near  the  center  of 
the  shock  tube.  These  rays  converge  to  focus  a  real  Image  of  the 
backll^tlng  source  100  Inches  from  the  shock  tube,  where  a  schlieren 
knife  edge  may  be  positioned.  The  backUghtlng  rays  continue  through 
the  real  image  and  a  second  lens  and  reflect  from  a  rotating  mirror  onto 
the  film.  The  second  lens  (focal  length  70  cm,  and  2  Inches  In  diameter) 
focusses  a  real  Image  of  the  shock  tube  slit  on  the  film;  the  shock  tube 
Image  Is  demagnlfled  by  2.3< 

Each  face  of  the  4  sided  stainless  steel  rotating  mirror  Is  2  inches 
square,  and  the  lever  arm  from  mirror  to  film  Is  34  l/2  Inches.  The 
mirror  speed  is  12,000  r.p.m. ,  which  gives  a  sweep  rate  of  about 
4  p  sec/cm.  on  the  film.  A  small  light  beam  (not  shown),  reflected  Into 
a  photocell  from  a  back  face  of  the  mirror  serves  to  monitor  the  mirror 
speed  and  to  trigger  the  shock  tube  and  exploding  wire  source  through 
appropriate  delays  when  the  mirror  presents  Its  largest  apertvure  to  the 
optical  system. 
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The  position  of  the  knife  edge  at  the  real  Image  of  the  backlighting 
source  determines  the  pattern  of  backlighting  on  the  film.  If  the  knife 
edge  be  adjusted  parallel  to  the  backlighting  slit  Image  and  cutting  It 
off  slightly,  then  an  optical  disturbance  in  the  shock  tube  which 
deviates  the  light  rays  toward  the  knife  edge  results  In  some  of  these 
deviated  rays  being  cut  off;  the  backlighting  intensity  on  the  film  Is 
reduced  at  that  part  of  the  shock  tube  Image  i^re  the  disturbance  Is 
located.  This  schlleren  principle  has  been  used  for  many  years  In  the 
Foucault  teat  of  optical  elements.  In  the  present  application  the 
optical  element  Is  the  shock  tube  slit,  whose  Image  la  moving  transverse 
to  Its  length;  If  the  disturbance  la  a  front  moving  along  the  slit,  then 
a  time-distance  diagram  of  the  frcmt  Is  displayed  on  the  film.  The 
streak  schlleren  method  Is  not  novel,  and  has  been  previously  applied  by 
others  in  examining  non-lumlnotis  flows. 

If  the  optical  disturbance  Is  a  front  across  which  the  refractive 
Index  changes  stiddenly,  and  If  the  backlighting  rays  are  Incident  on 
the  front  at  nearly  grazing  angle,  the  deviation  of  the  rays  Is  e,  where. 


with  n  the  refractive  Index  and  dn  the  change  across  the  front;  the 
deviation  Is  toward  the  region  of  larger  Index,  and  Is  independent  of 
the  thickness  of  the  shock  tube. 

The  aperture  at  the  knife  edge  can  be  further  masked  to  reduce  the 
amount  of  Uc^t  from  the  self  lumlnoxis  gas  which  reetches  the  film, 
without  cutting  down  on  the  backlighting.  This  masking  can  be  done 
until  diffraction  effects  make  image  useless,  or  until  the  aperture 
restricts  the  backlighting. 
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IV.  anffT.THiRiBt  PiCTUms 


Figure  ^  is  a  streak  picture  with  no  backlij^tlng  or  aperture 
restrictions  (except  the  lens)  of  a  )toch  20-22  test  in  argon  at  1.3 
Big  pressure.  The  luminous  front  appears  fairly  sharp,  and  no  shock  is 
visible.  Figure  6  is  a  sll^tly  magnified  picture  under  similar 
conditions  with  backll^tlng  and  the  knife  edge  adjusted  to  cut  off  rays 
deviated  by  the  shock.  The  self-luminosity  has  been  reduced  by  the  knife 
edge,  as  a  comparison  of  the  region  where  the  backlighting  was  suppressed 
(the  light  horizontal  streak)  with  Figure  5  indicates;  the  luminous  front 
is  fuzzier.  Figure  7,  at  3  mu  argon  pressure,  (Mach  12-1/2  to  l4>l/2) 
shows  the  shock  and  Ivimlnoua  region  more  clearly.  The  luminosity  does 
not  last  very  long  in  this  obviously  time  dependent  flow.  There  are 
several  faint  streaks  appcurent  in  the  space  between  the  shock  and  the 
main  luminosity. 

The  knife  edge  can  be  adjusted  to  cut  off  most  of  the  backlighting 
and  still  pass  rays  deviated  by  the  shock.  Then  the  shock  streak  should 
be  darker  than  the  background,  and  the  self-limdnoslty  relatively 
unaffected.  One  such  example  is  Figure  (8),  where  part  of  the  back  side 
of  the  shock  tube  was  masked  from  the  back  lighting,  so  that  the  self- 
luminous  region  could  be  observed  with  no  background.  The  conditions 
for  this  test  were  1.9  bd  Eg  pressure,  Mach  ~  20.  It  is  notable  that 
the  region  between  the  shock  azid  luminosity  Is  lighter  than  the  background, 
and  la  lightest  Just  in  front  of  the  liminous  region.  This  effect  Is  to 
be  expected  If  the  flow  region  contains  an  increasing  concentration  of 
free  electrons  as  the  luminous  front  is  approached. 

As  ionization  occurs,  the  free  electrons  begin  to  contribute  strongly 
to  the  refrcKstlvlty.  The  atom  refrsujtivlty  for  argon  is  positive  and 
admost  Independent  of  wavelength  in  the  visible  region;  It  it  given  by 

(n-l)j^  -  1.07  X 


380 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


